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(57) ABSTRACT

A highly reliable semiconductor device including an oxide
semiconductor is provided. Oxygen is supplied from a base
insulating layer provided below an oxide semiconductor layer
to a channel formation region, whereby oxygen vacancies
which might be generated in the channel formation region are
filled. Further, a protective insulating layer containing a small
amount of hydrogen and functioning as a barrier layer having
a low permeability to oxygen is formed over the gate elec-
trode layer so as to cover side surfaces of an oxide layer and
a gate insulating layer that are provided over the oxide semi-
conductor layer, whereby release of oxygen from the gate
insulating layer and/or the oxide layer is prevented and gen-

eration of oxygen vacancies in a channel formation region is
prevented.
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1
SEMICONDUCTOR DEVICE AND
MANUFACTURING METHOD OF

SEMICONDUCTOR DEVICE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an object (a product includ-
ing a machine, a manufacture, and a composition of matter)
and a method (a process including a simple method and a
production method). In particular, one embodiment of the
present invention relates to a semiconductor device, a light-
emitting device, a power storage device, a driving method
thereof, or a manufacturing method thereof.

In this specification, a semiconductor device refers to all
the devices that can operate by utilizing semiconductor char-
acteristics. An electrooptic device, a semiconductor circuit,
and an electronic device may be included in the category of
semiconductor devices or alternatively may include semicon-
ductor devices in their categories.

2. Description of the Related Art

A technique by which transistors are formed using semi-
conductor thin films formed over a substrate having an insu-
lating surface has been attracting attention. These transistors
are applied to a wide range of electronic devices such as an
integrated circuit (IC) or an image display device (also simply
referred to as a display device). Although a silicon-based
semiconductor material is widely known as a material of a
semiconductor thin film applicable to a transistor, as another
material, a semiconductor material using an oxide has been
attracting attention.

For example, a transistor including an oxide (oxide semi-
conductor) containing indium (In), gallium (Ga), and zinc
(Zn) is disclosed (see Patent Document 1).

Further, Patent Document 2 discloses that oxygen is
released from an oxide semiconductor during a manufactur-
ing process of a semiconductor device including an oxide
semiconductor and thus oxygen vacancies are formed.

REFERENCE
Patent Document

[Patent Document 1] Japanese Published Patent Application
No. 2006-165528

[Patent Document 2] Japanese Published Patent Application
No. 2011-222767

SUMMARY OF THE INVENTION

An object of one embodiment of the present invention is to
provide a semiconductor device including an oxide semicon-
ductor, with favorable electrical characteristics.

Another object of one embodiment of the present invention
is to provide a highly reliable semiconductor device including
an oxide semiconductor by suppression of a change in elec-
trical characteristics.

Another object of one embodiment of the present invention
is to provide a semiconductor device with a reduced amount
of defects. Further, another object of one embodiment of the
present invention is to provide a semiconductor device with a
reduced amount of impurities.

Note that the description of these objects does not disturb
the description of other objects. In one embodiment of the
present invention, there is no need to achieve all of these
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2

objects. Further, other objects will be apparent from and can
be derived from the description of the specification, the draw-
ings, the claims, and the like.

In a transistor formed using an oxide semiconductor, an
oxygen vacancy is one factor generating a carrier in the oxide
semiconductor. If many oxygen vacancies exist in an oxide
semiconductor including a channel formation region in a
transistor, carriers are generated in the channel formation
region, which causes defective electrical characteristics of the
transistor, such as a normally-on state, an increase in leakage
current, and a shift (variation) of the threshold voltage due to
stress application.

In the oxide semiconductor layer, hydrogen, silicon, nitro-
gen, carbon, and metal elements which are not the main
components are impurities. For example, silicon in an oxide
semiconductor layer forms impurity states, and the impurity
states serve as traps to deteriorate electrical characteristics of
the transistor.

Therefore, in order that a semiconductor device including
an oxide semiconductor can have stable electrical character-
istics, some measures need to be taken to reduce oxygen
vacancies in the oxide semiconductor and to reduce the con-
centrations of impurities such as hydrogen and silicon in the
oxide semiconductor.

In view of the foregoing, oxygen is supplied from a base
insulating layer provided below an oxide semiconductor layer
to a channel formation region in a semiconductor device of
one embodiment of the present invention, whereby oxygen
vacancies which might be generated in the channel formation
region are filled. Further, a protective insulating layer con-
taining a small amount of hydrogen and functioning as a
barrier layer having a low permeability to oxygen is formed
over a gate electrode layer so as to cover side surfaces of an
oxide layer and a gate insulating layer that are provided over
the oxide semiconductor layer, whereby release of oxygen
from the gate insulating layer and/or the oxide layer is pre-
vented and generation of oxygen vacancies in the channel
formation region is thus prevented. Moreover, the base insu-
lating layer is in contact with the protective insulating layer in
a surrounding area of the island-shaped oxide semiconductor
layer, whereby release (elimination) of oxygen from the base
insulating layer to layers other than the oxide semiconductor
layer is prevented.

Further, oxide layers containing one or more kinds of metal
elements that are contained in the oxide semiconductor layer
are provided in contact with an upper surface and a lower
surface of the oxide semiconductor layer where the channel is
formed. In this manner, the channel formation region can be
separated away from insulating layers (e.g., gate insulating
layer) that contain, as a main component, an element that
works as an impurity in the oxide semiconductor layer, such
as silicon. Further, an interface state is unlikely to be formed
at the interface between the oxide semiconductor layer and
each of the oxide layers, and thus variations in electrical
characteristics of the transistor, such as a threshold voltage,
can be reduced.

In the semiconductor device of one embodiment of the
present invention, which has the above-described structure,
the concentration of an impurity in the oxide semiconductor
layer serving as a channel (serving as a main carrier path) can
be reduced so that the oxide semiconductor layer is purified to
be a highly purified intrinsic oxide semiconductor layer. The
expression “highly purified intrinsic oxide semiconductor
layer” means the intrinsic (i-type) or substantially intrinsic
oxide semiconductor layer. Note that in this specification and
the like, the substantially intrinsic oxide semiconductor layer
has a carrier density of lower than 1x10'7/cm?®, lower than
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1x10%/cm?, or lower than 1x10*3/cm?. With a highly purified
intrinsic oxide semiconductor layer, the transistor can have
stable electrical characteristics.

More specifically, the following structures can be
employed, for example.

One embodiment of the present invention is a semiconduc-
tor device which includes a first oxide layer, an oxide semi-
conductor layer over and in contact with the first oxide layer,
a source electrode layer and a drain electrode layer electri-
cally connected to the oxide semiconductor layer, a second
oxide layer over the source electrode layer and the drain
electrode layer and in contact with the oxide semiconductor
layer, a gate insulating layer over the second oxide layer, a
gate electrode layer overlapping with the oxide semiconduc-
tor layer with the gate insulating layer provided therebe-
tween, and a protective insulating layer over the gate elec-
trode layer that covers a side surface ofthe second oxide layer
and a side surface of the gate insulating layer. In the semicon-
ductor device, the first oxide layer and the second oxide layer
include at least one metal element of metal elements included
in the oxide semiconductor layer. In addition, the protective
insulating layer is a layer having lower permeability to oxy-
gen than the second oxide layer and the gate insulating layer.

Another embodiment of the present invention is a semicon-
ductor device which includes a base insulating layer contain-
ing oxygen, a first oxide layer over and in contact with the
base insulating layer, an oxide semiconductor layer over and
in contact with the first oxide layer, a source electrode layer
and a drain electrode layer electrically connected to the oxide
semiconductor layer, a second oxide layer over the source
electrode layer and the drain electrode layer and in contact
with the oxide semiconductor layer, a gate insulating layer
over the second oxide layer, a gate electrode layer overlap-
ping with the oxide semiconductor layer with the gate insu-
lating layer provided therebetween, and a protective insulat-
ing layer over the gate electrode layer that covers a side
surface of the second oxide layer and a side surface of the gate
insulating layer. In the semiconductor device, the first oxide
layer and the second oxide layer include at least one metal
element of metal elements included in the oxide semiconduc-
tor layer. In addition, the protective insulating layer is a layer
having lower permeability to oxygen than the second oxide
layer and the gate insulating layer.

In the above semiconductor device, it is preferable that the
protective insulating layer be in contact with the base insu-
lating layer in a surrounding area of the oxide semiconductor
layer.

In each cross section of the above semiconductor devices,
it is preferable that an upper edge of the second oxide layer
coincide with a lower edge of the gate insulating layer and that
an upper edge of the gate insulating layer coincide with a
lower edge of the gate electrode layer.

In the above semiconductor devices, it is preferable that the
first oxide layer, the second oxide layer, and the oxide semi-
conductor layer include at least indium and that an atomic
ratio ofthe indium in the oxide semiconductor layer be higher
than an atomic ratio of the indium in the first oxide layer and
an atomic ratio of the indium in the second oxide layer.

Another embodiment of the present invention is a manu-
facturing method of a semiconductor device, which includes
the steps of: forming a first oxide film and an oxide semicon-
ductor film over a base insulating layer containing oxygen;
processing the first oxide film and the oxide semiconductor
film to form an island-shaped first oxide layer and an island-
shaped oxide semiconductor layer; forming a source elec-
trode layer and a drain electrode layer over and in contact with
the oxide semiconductor layer; forming a second oxide film
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over the source electrode layer and the drain electrode layer
and in contact with the oxide semiconductor layer; forming a
gate insulating film over the second oxide film; forming a gate
electrode layer over the gate insulating film; processing the
gate insulating film and the second oxide film using the gate
electrode layer as a mask, to form a gate insulating layer and
a second oxide layer; forming a protective insulating layer
that covers a side surface of the second oxide layer and a side
surface of the gate insulating layer, over the gate electrode
layer; and after formation of the protective insulating layer,
performing heat treatment to supply oxygen contained in the
base insulating layer to the oxide semiconductor layer.

With one embodiment of the present invention, a transistor
including an oxide semiconductor that has favorable electri-
cal characteristics can be provided.

Further, with one embodiment of the present invention, a
highly reliable semiconductor device including an oxide
semiconductor can be provided by suppression of a change in
electrical characteristics.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings:

FIGS. 1A to 1C are a plan view and cross-sectional views
illustrating one embodiment of a semiconductor device;

FIGS. 2A and 2B each show a band structure of stacked
layers in a semiconductor device;

FIGS. 3A to 3E are cross-sectional views illustrating an
example of a method for manufacturing a semiconductor
device;

FIGS. 4A to 4C are cross-sectional views illustrating an
example of a method for manufacturing a semiconductor
device;

FIGS. 5A and 5B are nanobeam electron diffraction pat-
terns of oxide semiconductors;

FIGS. 6A and 6B are schematic views illustrating a sput-
tered particle that is separated from a target and deposited on
a deposition surface;

FIGS. 7A and 7B show an example of a crystal structure of
a target,

FIGS. 8A1l, 8B1, and 8C1 and FIGS. 8A2, 8B2, and 8C2
show plasma discharge in sputtering using a DC power source
and an AC power source, respectively;

FIG. 9 is a schematic view illustrating a sputtered particle
that is deposited on a deposition surface;

FIGS. 10A and 10B are circuit diagrams each illustrating a
semiconductor device of one embodiment of the present
invention;

FIGS. 11A to 11C are circuit diagrams and a conceptual
diagram of a semiconductor device of one embodiment of the
present invention.

FIG. 12 is a block diagram of a semiconductor device of
one embodiment of the present invention;

FIG. 13 is a block diagram of a semiconductor device of
one embodiment of the present invention;

FIG. 14 is a block diagram of a semiconductor device of
one embodiment of the present invention;

FIGS. 15A and 15B illustrate an electronic device to which
a semiconductor device of one embodiment of the present
invention can be applied;

FIGS. 16A to 16C show evaluation results of electrical
characteristics of transistors fabricated in Example 1;

FIGS. 17A to 17F show evaluation results of the channel
length dependence of electrical characteristics of transistors
fabricated in Example 1;

FIGS. 18A to 18F show evaluation results of the reliability
test of transistors fabricated in Example 1;
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FIGS. 19A to 19E show evaluation results of electrical
characteristics of transistors fabricated in Example 2;

FIGS. 20A and 20B show evaluation results of the reliabil-
ity test of transistors fabricated in Example 2;

FIGS. 21A and 21B show evaluation results of the reliabil-
ity test of transistors fabricated in Example 2; and

FIGS. 22A to 22C show evaluation results of the Lov
length dependence of electrical characteristics of transistors
fabricated in Example 1.

DETAILED DESCRIPTION OF THE INVENTION

Hereinafter, embodiments of the present invention will be
described in detail with reference to the accompanying draw-
ings. However, the invention disclosed in this specification is
not limited to the description below and it is easily understood
by those skilled in the art that the mode and details can be
modified in various ways. Therefore, the invention disclosed
in this specification is not construed as being limited to the
description of the embodiments given below.

Note that in structures of one embodiment of the present
invention described below, the same portions or portions hav-
ing similar functions are denoted by the same reference
numerals in different drawings, and description thereof is not
repeated. Further, the same hatching pattern is applied to
portions having similar functions, and the portions are not
especially denoted by reference numerals in some cases.

Note that in this specification and the like, ordinal numbers
such as “first”, “second”, and the like are used in order to
avoid confusion among components and do not limit the
number.

Note that functions of a “source” and a “drain” of a tran-
sistor are sometimes replaced with each other when a transis-
tor of opposite polarity is used or when the direction of
current flow is changed in circuit operation, for example.
Therefore, the terms “source” and “drain” can be used to
denote the drain and the source, respectively, in this specifi-
cation.

In this specification and the like, for example, when the
shape of an object is described with use of a term such as
“diameter”, “grain size (diameter)”, “dimension”, “size”, or
“width”, the term can be regarded as the length of one side of
a minimal cube where the object fits, or an equivalent circle
diameter of a cross section of the object. The term “equivalent
circle diameter of a cross section of the object” refers to the
diameter of a perfect circle having the same area as that of the
cross section of the object.

Embodiment 1

In this embodiment, a semiconductor device and a manu-
facturing method of the semiconductor device according to
one embodiment of the present invention will be described
with reference to FIGS. 1A to 1C, FIGS. 2A and 2B, FIGS.
3A to 3E, and FIGS. 4A to 4C. In this embodiment, a top gate
transistor including an oxide semiconductor layer will be
described as an example of the semiconductor device.
<Structural Example of Semiconductor Device>

FIGS. 1A to 1C illustrate a structural example of a transis-
tor 200. FIG. 1A is a plan view of the transistor 200, FIG. 1B
is a cross-sectional view taken along line V1-W1 in FIG. 1A,
and FIG. 1C is a cross-sectional view taken along line X1-Y1
in FIG. 1A. Note that in FIG. 1A, some components of the
semiconductor device (e.g., a protective insulating layer 116)
are not illustrated to avoid complexity.

The transistor 200 illustrated in FIGS. 1A to 1C includes,
over a base insulating layer 102 provided over a substrate 100

10

20

40

45

50

55

65

6

having an insulating surface, an island-shaped first oxide
layer 104, an island-shaped oxide semiconductor layer 106
over and in contact with the first oxide layer 104, a source
electrode layer 108a and a drain electrode layer 1085 that are
electrically connected to the oxide semiconductor layer 106,
asecond oxide layer 110 over the source electrode layer 1084
and the drain electrode layer 1086 and in contact with the
oxide semiconductor layer 106, a gate insulating layer 112
over the second oxide layer 110, a gate electrode layer 114
overlapping with the oxide semiconductor layer 106 with the
gate insulating layer 112 provided therebetween, and a pro-
tective insulating layer 116 that is provided over the gate
electrode layer 114 and covers side surfaces of the second
oxide layer 110 and the gate insulating layer 112. Note that an
insulating layer 118 over the protective insulating layer 116
may be regarded as a component of the transistor 200. Fur-
ther, a wiring layer 120a¢ and a wiring layer 1205 that are
electrically connected to the source electrode layer 108a and
the drain electrode layer 1085 may be regarded as compo-
nents of the transistor 200.

As illustrated in FIG. 1B, the transistor 200 has a structure
in the channel width direction in which the second oxide layer
110 covers side surfaces of the island-shaped first oxide layer
104 and the island-shaped oxide semiconductor layer 106,
and the gate insulating layer 112 covers the side surface of the
second oxide layer 110. With this structure, the influence ofa
parasitic channel which might be generated in an end portion
in the channel width direction of the oxide semiconductor
layer 106 can be reduced.

As illustrated in FIGS. 1A and 1C, the second oxide layer
110 and the gate insulating layer 112 have the same plan
shape as that of the gate electrode layer 114. In other words,
in the cross-section, an upper edge of the second oxide layer
110 coincides with a lower edge of the gate insulating layer
112, and an upper edge of the gate insulating layer 112 coin-
cides with a lower edge of the gate electrode layer 114. This
shape can be formed by processing the second oxide layer 110
and the gate insulating layer 112 using the gate electrode layer
114 as a mask (or using the same mask that is used for the gate
electrode layer 114). In this specification and the like, the
term “the same” or “coincide” does not necessarily mean
exactly being the same or exactly coinciding and include the
meaning of being substantially the same or substantially coin-
ciding. For example, shapes obtained by etching using the
same mask are expressed as being the same or coinciding with
each other.

As illustrated in FIG. 1C, the side surfaces of the second
oxide layer 110 and the gate insulating layer 112 are covered
with the protective insulating layer 116. Further, the protec-
tive insulating layer 116 is in contact with the base insulating
layer 102 in a surrounding area of the island-shaped oxide
semiconductor layer 106.

The components of the transistor 200 will be described in
detail below.
<<Substrate>>

The substrate 100 is not limited to a simple supporting
substrate, and may be a substrate where a device such as a
transistor is formed. In this case, at least one of the gate
electrode layer 114, the source electrode layer 108a, the drain
electrode layer 1085, the wiring layer 120a, and the wiring
layer 1205 of the transistor 200 may be electrically connected
to the above device.
<<Base Insulating Layer>>

The base insulating layer 102 has a function of supplying
oxygen to the first oxide layer 104 and/or the oxide semicon-
ductor layer 106 as well as a function of preventing diffusion
of'an impurity from the substrate 100. Therefore, an insulat-
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ing layer containing oxygen is used as the base insulating
layer 102. The supply of oxygen from the base insulating
layer 102 can reduce oxygen vacancies in the oxide semicon-
ductor layer 106. Note that in the case where the substrate 100
is a substrate where another device is formed as described
above, the base insulating layer 102 also has a function as an
interlayer insulating film. In that case, the base insulating
layer 102 is preferably subjected to planarization treatment
such as chemical mechanical polishing (CMP) treatment so
as to have a flat surface.

In the transistor 200 in this embodiment, the base insulat-
ing layer 102 containing oxygen is provided below the
stacked structure including the oxide semiconductor layer.
With this structure, oxygen contained in the base insulating
layer 102 can be supplied to a channel formation region. The
base insulating layer 102 preferably includes a region con-
taining oxygen in excess of the stoichiometric composition.
When the base insulating layer 102 contains excess oxygen,
supply of oxygen to the channel formation region is pro-
moted.

Note that in this specification and the like, excess oxygen
means oxygen which can be transferred in an oxide semicon-
ductor layer, silicon oxide, or silicon oxynitride; oxygen
which exists in excess of the intrinsic stoichiometric compo-
sition; or oxygen having a function of filling Vo (oxygen
vacancies) generated due to lack of oxygen.
<<First Oxide Layer, Oxide Semiconductor Layer, and Sec-
ond Oxide Layer>>

The transistor 200 includes a stacked structure including
the first oxide layer 104, the oxide semiconductor layer 106,
and the second oxide layer 110, between the base insulating
layer 102 and the gate insulating layer 112.

The first oxide layer 104 and the second oxide layer 110 are
oxide layers containing one or more kinds of metal elements
that are contained in the oxide semiconductor layer 106.

The oxide semiconductor layer 106 includes a layer repre-
sented by an In-M-Zn oxide, which contains at least indium,
zinc, and M (M is a metal element such as Al, Ga, Ge,Y, Zr,
Sn, La, Ce, or Hf). The oxide semiconductor layer 106 pref-
erably contains indium, because carrier mobility of the tran-
sistor is increased.

The first oxide layer 104 under the oxide semiconductor
layer 106 includes an oxide layer which is represented by an
In-M-Zn oxide (M is a metal element such as Al, Ti, Ga, Ge,
Y, Zr, Sn, La, Ce, or Hf) and which has a higher proportion of
M with respect to In in atomic ratio than the oxide semicon-
ductor layer 106. Specifically, the amount of the element M in
the first oxide layer 104 in atomic ratio is 1.5 times or more,
preferably twice or more, further preferably three times or
more as much as that in the oxide semiconductor layer 106 in
atomic ratio. The elements serving as the element M are more
strongly bonded to oxygen than indium is, and thus have a
function of suppressing generation of oxygen vacancies in the
oxide layer. That is, oxygen vacancies are less likely to be
generated in the first oxide layer 104 than in the oxide semi-
conductor layer 106.

Further, in a manner similar to the first oxide layer 104, the
second oxide layer 110 over the oxide semiconductor layer
106 includes an oxide layer which is represented by an In-M-
Zn oxide (M is a metal element such as Al, Ti, Ga, Ge, Y, Zr,
Sn, La, Ce, or Hf) and which has a higher proportion of M
with respect to In in atomic ratio than the oxide semiconduc-
tor layer 106. Specifically, the amount of the element M in the
second oxide layer 110 in atomic ratio is 1.5 times or more,
preferably twice or more, further preferably three times or
more as much as that in the oxide semiconductor layer 106 in
atomic ratio. Note that, if the proportion of M with respect to
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In is too high, the bandgap of the second oxide layer 110 is
increased and the second oxide layer 110 might function as an
insulating layer. Therefore, it is preferable to adjust the pro-
portion of M such that the second oxide layer 110 functions as
a semiconductor layer. Note that the second oxide layer 110
may function as part of the gate insulating layer, depending on
the proportion of M.

When each of the first oxide layer 104, the oxide semicon-
ductor layer 106, and the second oxide layer 110 is an In-M-
Zn oxide containing at least indium, zinc, and M (M is a metal
element such as Al, Ti, Ga, Ge, Y, Zr, Sn, La, Ce, or Hf), and
the first oxide layer 104 has an atomic ratio of In to M and Zn
which is x,:y,:7,, the oxide semiconductor layer 106 has an
atomic ratio of In to M and Zn which is x,:y,:Z,, and the
second oxide layer 110 has an atomic ratio of In to M and Zn
which is x5:y;:2,, each of y, /x, and y,/x, is preferably larger
than y,/x,. Each of y,/x; and y;/x; is 1.5 times or more,
preferably 2 times or more, further preferably 3 times or more
as large as y,/X,. At this time, when y, is greater than or equal
1o X, in the oxide semiconductor layer 106, a transistor can
have stable electrical characteristics. However, when y, is 3
times or more as large as X,, the field-effect mobility of the
transistor is reduced; accordingly, y, is preferably smaller
than 3 times X,.

In the case of using an In-M-Zn oxide for the first oxide
layer 104, when Zn and O are eliminated from consideration,
the proportion of In and the proportion of M are preferably
less than 50 atomic % and greater than or equal to 50
atomic %, respectively, further preferably less than 25
atomic % and greater than or equal to 75 atomic %, respec-
tively. In the case of using an In-M-Zn oxide for the oxide
semiconductor layer 106, when Zn and O are eliminated from
consideration, the proportion of In and the proportion of M
are preferably greater than or equal to 25 atomic % and less
than 75 atomic %, respectively, further preferably greater
than or equal to 34 atomic % and less than 66 atomic %,
respectively. In the case of using an In-M-Zn oxide for the
second oxide semiconductor layer 110, when Zn and O are
eliminated from consideration, the proportion of In and the
proportion of M are preferably less than 50 atomic % and
greater than or equal to 50 atomic %, respectively, further
preferably less than 25 atomic % and greater than or equal to
75 atomic %, respectively.

The constituent elements of the first oxide layer 104 and the
second oxide layer 110 may be different from each other, or
their constituent elements may be the same at the same atomic
ratios or different atomic ratios.

For the first oxide layer 104, the oxide semiconductor layer
106, and the second oxide layer 110, an oxide semiconductor
containing indium, zinc, and gallium can be used, for
example.

Itis preferable that the thickness of the first oxide layer 104
be at least larger than that of the oxide semiconductor layer
106. The first oxide layer 104 with a large thickness can
prevent trap states generated at the interface between the base
insulating layer 102 and the first oxide layer 104 from influ-
encing the channel. However, since the first oxide layer 104 is
the path of oxygen from the base insulating layer 102 to the
oxide semiconductor layer 106, an excessively large thick-
ness of the first oxide layer 104 inhibits the supply of oxygen
and is unpreferable. Specifically, the thickness of the first
oxide layer 104 can be more than or equal to 20 nm and less
than or equal to 200 nm, 120 nm, or 80 nm, for example.

Further, the thickness ofthe oxide semiconductor layer 106
is preferably larger than that of the second oxide layer 110 and
smaller than that of the first oxide layer 104. For example, the
thickness ofthe oxide semiconductor layer 106 is greater than
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or equal to 1 nm and less than or equal to 40 nm, preferably
greater than or equal to 5 nm and less than or equal to 20 nm.

Furthermore, the thickness of the second oxide layer 110 is
the thickness that prevents a constituent element of the gate
insulating layer 112 that works as an impurity in the oxide
semiconductor from entering the oxide semiconductor layer
106. Since the second oxide layer 110 is provided between the
gate electrode layer 114 and the oxide semiconductor layer
106 serving as a channel, the thickness of the second oxide
layer 110 is preferably as small as possible for an increase in
the on-state current of the transistor. Specifically, the thick-
ness of the second oxide layer 110 is, for example, greater
than or equal to 0.3 nm and less than 10 nm, preferably greater
than or equal to 0.3 nm and less than or equal to 5 nm.

Preferably, each of the first oxide layer 104 and the second
oxide layer 110 is formed of an oxide semiconductor which
contains one or more kinds of the metal elements that are
contained in the oxide semiconductor layer 106 and has an
energy at the conduction band minimum that is closer to the
vacuum level than that of the oxide semiconductor layer 106
by 0.05 eV or more, 0.07 eV or more, 0.1 eV or more, or 0.15
eVormoreand 2 eV orless, 1 eV orless, 0.5eV orless, or0.4
eV or less.

When an electric field is applied to the gate electrode layer
114 in such a structure, a channel is formed in the oxide
semiconductor layer 106 that is the layer having the lowest
conduction band minimum in the stacked structure including
the oxide semiconductor layer. Accordingly, the second oxide
layer 110 formed between the oxide semiconductor layer 106
and the gate insulating layer 112 enables prevention of the
contact between the channel of the transistor and the gate
insulating layer 112.

In addition, the oxide layers in which oxygen vacancies are
less likely to be generated than in the oxide semiconductor
layer 106 are provided in contact with an upper surface and a
lower surface of the oxide semiconductor layer 106 where the
channel is formed, whereby generation of oxygen vacancies
in the channel of the transistor can be suppressed.

Note that in order to make the oxide semiconductor layer
106 intrinsic or substantially intrinsic, the concentration of
silicon in the oxide semiconductor layer 106, which is mea-
sured by SIMS, is set to be lower than 1x10'° atoms/cm?,
preferably lower than 5x10'® atoms/cm?>, further preferably
lower than 3x10'® atoms/cm?, still further preferably lower
than 1x10'® atoms/cm>. The concentration of hydrogen is set
to be lower than or equal to 2x10?° atoms/cm®, preferably
lower than or equal to 5x10'° atoms/cm?>, further preferably
lower than or equal to 1x10'® atoms/cm?>, still further prefer-
ably lower than or equal to 5x10'® atoms/cm?®. Further, the
concentration of nitrogen is set to be lower than 5x10"°
atoms/cm?, preferably lower than or equal to 5x10'® atoms/
cm?, further preferably lower than or equal to 1x10'® atoms/
cm?®, still further preferably lower than or equal to 5x10"7
atoms/cm®.

In the case where the oxide semiconductor layer 106
includes crystals, high concentration of silicon or carbon
might reduce the crystallinity of the oxide semiconductor
layer 106. In order not to lower the crystallinity of the oxide
semiconductor layer 106, the concentration of silicon in the
oxide semiconductor layer 106 is set to be lower than 1x10"°
atoms/cm?, preferably lower than 5x10*® atoms/cm?®, further
preferably lower than 1x10"® atoms/cm>. Moreover, the con-
centration of carbon is set to be lower than 1x10'° atoms/cm?,
preferably lower than 5x10'® atoms/cm?>, further preferably
lower than 1x10'® atoms/cm”.

A ftransistor in which the highly purified oxide semicon-
ductor layer 106 is used for a channel formation region as
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described above has an extremely low off-state current. For
example, the drain current when the transistor including a
highly purified oxide semiconductor layer is in an off state
can be 1x107'® A or lower, preferably 1x107*! A or lower,
further preferably 1x107** A or lower at room temperature
(approximately 25° C.), or the drain current can be 1x107*> A
or lower, preferably 1x107'® A or lower, further preferably
1x1072! A or lower at 85° C. Note that an off state of an
n-channel transistor refers to a state where the gate voltage is
sufficiently lower than the threshold voltage. Specifically, the
transistor is in an off state when the gate voltage is lower than
the threshold voltage by 1V or more, 2V or more, or 3V or
more.

<<Source Electrode Layer and Drain Electrode Layer>>

For the source electrode layer 1084 and the drain electrode
layer 1085, a conductive material which is easily bonded to
oxygen can be preferably used. For example, Al, Cr, Cu, Ta,
Ti, Mo, or W can be used. In particular, W with a high melting
point is preferred because a relatively high process tempera-
ture can be employed in a later step. Note that the conductive
material which is easily bonded to oxygen includes, in its
category, a material to which oxygen is easily diffused.

When such a conductive material which is easily bonded to
oxygen is in contact with the oxide semiconductor layer 106,
oxygen in the oxide semiconductor layer 106 is taken into the
conductive material. Some heating steps are performed in a
manufacturing process of the transistor, and thus oxygen
vacancies are generated in regions of the oxide semiconduc-
tor layer 106 which are in the vicinity of an interface between
the oxide semiconductor layer 106 and each of the source
electrode layer 1084 and the drain electrode layer 1085, so
that n-type regions are formed. The n-type regions can func-
tion as a source and a drain of the transistor 200. Note that the
n-type regions can also be formed in the first oxide layer 104
in regions in contact with the source electrode layer 108a and
the drain electrode layer 1084.

Note that a constituent element of the source electrode
layer 1084 and the drain electrode layer 10856 may enter the
n-type regions. Further, a region having high oxygen concen-
tration may be formed in part of the source electrode layer
108a and part of the drain electrode layer 1085, which are in
contact with the n-type regions. A constituent element of the
oxide semiconductor layer 106 and/or the first oxide layer
104 may enter the source electrode layer 108a and the drain
electrode layer 1085 in contact with the n-type regions in
some cases. That s, in the vicinity of the interface between the
oxide semiconductor layer 106 and the source and drain elec-
trode layers 1084 and 1085 and/or the interface between the
first oxide layer 104 and the source and drain electrode layers
108a and 1085, a portion which can be called a mixed region
or a mixed layer of the two contacting layers is formed in
some cases.

Note that the n-type regions formed owing to the genera-
tion of oxygen vacancies may in some cases extend in the
channel length direction of the transistor. When the channel
length of the transistor is extremely short, the n-type regions
extending in the channel length direction may deteriorate
electrical characteristics such as the shift of the threshold
voltage or the occurrence of a state in which on/off cannot be
controlled with a gate voltage (conducting state). Accord-
ingly, in the case of forming a transistor with an extremely
short channel length, it is preferable that the conductive mate-
rial which is not easily bonded to oxygen be used for the
source electrode and the drain electrode. As the conductive
material, tantalum nitride, titanium nitride, or the like is pref-
erably used, for example. Note that the conductive material
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which is not easily bonded to oxygen includes, in its category,
a material to which oxygen is not easily diffused.
<<@ate Insulating Layer>>

The gate insulating layer 112 can be formed using a silicon
oxide film, a gallium oxide film, an aluminum oxide film, a
silicon nitride film, a silicon oxynitride film, an aluminum
oxynitride film, a silicon nitride oxide film, or the like. The
gate insulating layer 112 is preferably a film containing oxy-
gen because it can supply oxygen to the second oxide layer
110 or the oxide semiconductor layer 106. Further, as a mate-
rial of the gate insulating layer 112, hatnium oxide, yttrium
oxide, hatnium silicate (HfSi,0, (x>0, y>0)), hatnium sili-
cate to which nitrogen is added, hafnium aluminate (HfALO,,
(x>0, y>0)), or lanthanum oxide may be used. The gate insu-
lating layer 112 may have either a single-layer structure or a
stacked structure.
<<@ate Electrode Layer>>

The gate electrode layer 114 can be formed using a metal
film containing an element selected from molybdenum, tita-
nium, tantalum, tungsten, aluminum, copper, chromium,
neodymium, and scandium; a metal nitride film containing
any of the above elements as its component (e.g., a titanium
nitride film, a molybdenum nitride film, or a tungsten nitride
film); or the like. Alternatively, a semiconductor film typified
by a polycrystalline silicon film doped with an impurity ele-
ment such as phosphorus, or a silicide film such as a nickel
silicide film may be used as the gate electrode layer 114.
Alternatively, a conductive material such as indium tin oxide,
indium oxide containing tungsten oxide, indium zinc oxide
containing tungsten oxide, indium oxide containing titanium
oxide, indium tin oxide containing titanium oxide, indium
zinc oxide, or indium tin oxide to which silicon oxide is added
can also be used. Moreover, the gate electrode layer 114 can
have a stacked structure of the above conductive material and
the above metal material.

The gate electrode layer 114 can be formed to have a
single-layer structure or a stacked structure. As one layer of
the gate electrode layer 114 which is in contact with the gate
insulating layer 112, a metal oxide containing nitrogen, spe-
cifically, an In—Ga—Z7n—O film containing nitrogen, an
In—Sn—O film containing nitrogen, an In—Ga—O film
containing nitrogen, an In—7n—O film containing nitrogen,
a Sn—O film containing nitrogen, an In—O film containing
nitrogen, or a metal nitride (InN, SnN, or the like) film can be
used. Such a film has a work function of higher than or equal
to 5 eV, preferably higher than or equal to 5.5 eV, and the use
of this film as the gate electrode layer enables the threshold
voltage of the transistor to be shifted in the positive direction.
Accordingly, a normally-off switching element can be
obtained.
<<Protective Insulating Layer>>

As the protective insulating layer 116 provided over the
gate electrode layer 114 and covering the side surfaces of the
second oxide layer 110 and the gate insulating layer 112 in the
transistor 200, an insulating layer having a lower permeabil-
ity to oxygen (higher barrier property with respect to oxygen)
than the second oxide layer 110 and the gate insulating layer
112 is provided. The protective insulating layer 116 having a
barrier property with respect to oxygen that is in contact with
the side surfaces of the second oxide layer 110 and the gate
insulating layer 112 can prevent release of oxygen from the
second oxide layer 110 and the gate insulating layer 112,
which prevents oxygen vacancies in the second oxide layer
110 and the gate insulating layer 112. This leads to prevention
of' oxygen extraction from the oxide semiconductor layer 106
caused due to oxygen vacancies in the films; consequently,
oxygen vacancies in the channel formation region can be
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prevented. Further, since the protective insulating layer 116 is
in contact with the base insulating layer 102 in a surrounding
area of the island-shaped oxide semiconductor layer 106, it is
preferable to use the insulating layer having a lower perme-
ability to oxygen than the base insulating layer 102 in order to
prevent release of oxygen from the base insulating layer 102.
As the protective insulating layer, an aluminum oxide film, a
silicon nitride film, or a silicon nitride oxide film can be
provided.

Further, in an oxide semiconductor, hydrogen behaves as a
supply source of carriers in addition to oxygen vacancies.
When the oxide semiconductor contains hydrogen, a donor is
generated at a level close to the conduction band (a shallow
level), and thus the oxide semiconductor has lower resistance
(n-type conductivity). Therefore, an insulating layer having a
low permeability to hydrogen is preferably used as the pro-
tective insulating layer 116. Accordingly, the concentration of
hydrogen in the protective insulating layer 116 is preferably
reduced. Specifically, the concentration of hydrogen in the
protective insulating layer 116 is preferably lower than
5x10* atoms-cm~>, further preferably lower than 5x10'®
atoms-cm™.
<Band Structure of Stacked Layers in Transistor>

Band structures of the base insulating layer 102, the first
oxide layer 104, the oxide semiconductor layer 106, the sec-
ond oxide layer 110, and the gate insulating layer 112 in the
transistor 200 will be described with reference to FIGS. 2A
and 2B.

In FIGS. 2A and 2B, Ecll, EcS1, EcS2, EcS3, Ecl2 sche-
matically represent energies at the conduction band minimum
of the base insulating layer 102, the first oxide layer 104, the
oxide semiconductor layer 106, the second oxide layer 110,
and the gate insulating layer 112, respectively. Note that the
thicknesses of the layers in FIGS. 1A to 1C are not considered
here for convenience.

Here, an energy difference between the vacuum level (Ev)
and the conduction band minimum (Ec) (this difference is
also referred to as electron affinity) corresponds to a value
obtained by subtracting an energy gap from an energy difter-
ence between the vacuum level and the valence band maxi-
mum (this difference is also referred to as an ionization poten-
tial). Note that the energy gap can be measured using a
spectroscopic ellipsometer (e.g., UT-300 manufactured by
HORIBA JOBIN YVON SAS). Note that the energy differ-
ence between the vacuum level and the valence band maxi-
mum can be measured using an ultraviolet photoelectron
spectroscopy (UPS) device (e.g., VersaProbe manufactured
by ULVAC-PHI, Inc.).

As shown in FIG. 2A, energy at the conduction band mini-
mum continuously changes from the first oxide layer 104
through the oxide semiconductor layer 106 to the second
oxide layer 110, without an energy barrier therebetween. This
is presumably because the compositions of the first oxide
layer 104, the oxide semiconductor layer 106, and the second
oxide layer 110 are close to one another and therefore oxygen
easily diffuses among the layers to form a mixed layer.

Although the case where the first oxide layer 104 and the
second oxide layer 110 are oxide layers having the same
energy gap is shown in FIG. 2A, the first oxide layer 104 and
the second oxide layer 110 may be oxide layers having dif-
ferent energy gaps. For example, part of the band structure in
the case where EcS1 is higher than EcS3 is shown in FIG. 2B.
Further, although not shown, EcS3 may be higher than EcS1.

It can be noticed from FIGS. 2A and 2B that the oxide
semiconductor layer 106 serves as a well in the stacked struc-
ture including the oxide semiconductor layer, and a channel is
thus formed in the oxide semiconductor layer 106 in the
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transistor including the stacked structure. Note that since the
energy at the conduction band minimum is changed continu-
ously in the oxide stack, the energy in the oxide stack can be
described as having a U-shaped well. Further, a channel
formed by such a structure can also be referred to as a buried
channel.

Since each of the first oxide layer 104 and the second oxide
layer 110 is an oxide layer containing one or more kinds of the
metal elements that are contained in the oxide semiconductor
layer 106, the stacked structure including these layers can
also be referred to as an oxide stack in which oxide layers
containing the same main components are stacked. The oxide
stack in which oxide layers containing the same main com-
ponents are stacked is formed not simply by stacking layers
but to have a continuous junction (here, in particular, a
U-shaped well structure in which energy of the conduction
band minimum is changed continuously between the layers).
This is because when impurities which form a defect state
such as a trap center or a recombination center are mixed at
each interface, the continuity of the energy band is lost, and
thus carriers are trapped or disappear by recombination at the
interface.

To form a continuous junction, it is necessary to stack the
layers in succession without exposure to the air using a multi-
chamber deposition apparatus (sputtering apparatus) pro-
vided with load lock chambers. Each chamber of the sputter-
ing apparatus is preferably evacuated to a high vacuum (to
about 5x1077 Pa to 1x10™* Pa) by an adsorption vacuum
pump such as a cryopump so that water and the like acting as
impurities for the oxide semiconductor are removed as much
as possible. Alternatively, a combination of a turbo molecular
pump and a cold trap is preferably used to prevent back-flow
of a gas from an exhaust system into a chamber.

Not only high vacuum evaporation in a chamber but also
high purity of a sputtering gas is necessary to obtain a highly
purified intrinsic oxide semiconductor. An oxygen gas or an
argon gas used as the sputtering gas is preferably highly
purified to have a dew point of —-40° C. or lower, preferably
-80° C. or lower, further preferably -100° C. or lower,
whereby entry of moisture or the like into the oxide semicon-
ductor can be prevented as much as possible.

The first oxide layer 104 and the second oxide layer 110
which are provided over and under the oxide semiconductor
layer 106 each serve as a barrier layer and can prevent trap
states formed at an interface between the oxide stack and each
of'the insulating layers that are in contact with the oxide stack
(the base insulating layer 102 and the gate insulating layer
112) from adversely affecting the oxide semiconductor layer
106 that serves as a main carrier path for the transistor.

For example, oxygen vacancies contained in the oxide
semiconductor layer appear as localized states in deep energy
area in the energy gap of the oxide semiconductor. A carrier is
trapped in such localized states, so that reliability of the
transistor is lowered. For this reason, oxygen vacancies con-
tained in the oxide semiconductor layer need to be reduced. In
the transistor 200 of this embodiment, the oxide layers in
which oxygen vacancies are less likely to be generated than in
the oxide semiconductor layer 106 are provided in contact
with the upper surface and the lower surface of the oxide
semiconductor layer 106, whereby oxygen vacancies in the
oxide semiconductor layer 106 can be reduced. For example,
the absorption coefficient due to the localized states of the
oxide semiconductor layer 106, which is obtained by mea-
surement by a constant photocurrent method (CPM), can be
lower than 1x107/cm, preferably lower than 1x10~%cm.

In addition, when the oxide semiconductor layer 106 is in
contact with an insulating layer including a different constitu-
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ent element (e.g., a base insulating layer including a silicon
oxide film), an interface state is sometimes formed at the
interface of the two layers and the interface state forms a
channel. At this time, in some cases, a second transistor
having a different threshold voltage may be formed and
accordingly an apparent threshold voltage of the transistor
may fluctuate. However, since the first oxide layer 104 con-
tains one or more kinds of the metal elements that are con-
tained in the oxide semiconductor layer 106 in the transistor
200 of this embodiment, an interface state is less likely to be
formed at the interface between the first oxide layer 104 and
the oxide semiconductor layer 106. Thus, with the first oxide
layer 104, variations in electrical characteristics of the tran-
sistors, such as a threshold voltage, can be reduced.

When a channel is formed at an interface between the gate
insulating layer 112 and the oxide semiconductor layer 106,
interface scattering occurs at the interface and the field-effect
mobility of the transistor is decreased. However, since the
second oxide layer 110 contains one or more kinds of the
metal elements that are contained in the oxide semiconductor
layer 106 in the transistor 200 of this embodiment, scattering
of carriers is less likely to occur at an interface between the
oxide semiconductor layer 106 and the second oxide layer
110, and thus the field-effect mobility of the transistor can be
increased.

Further, the first oxide layer 104 and the second oxide layer
110 each also serve as a barrier layer which suppresses for-
mation of an impurity state due to the entry of the constituent
elements of the base insulating layer 102 and the gate insu-
lating layer 112 into the oxide semiconductor layer 106.

For example, in the case of using a silicon-containing insu-
lating layer as each of the base insulating layer 102 and the
gate insulating layer 112 which are in contact with the first
oxide layer 104 and the second oxide layer 110 respectively,
silicon in the insulating layers or carbon which might be
contained in the insulating layers enters the first oxide layer
104 or the second oxide layer 110 to a depth of several
nanometers from the interface in some cases. If an impurity
such as silicon or carbon enters the oxide semiconductor
layer, impurity states may be formed, and these impurity
states cause generation of electrons, so that the oxide semi-
conductor layer may become n-type.

However, when the thickness of the first oxide layer 104
and the second oxide layer 110 is larger than several nanom-
eters, the impurity such as silicon or carbon does notreach the
oxide semiconductor layer 106, so that the influence of impu-
rity states is suppressed.

Note that the impurity concentrations of the oxide semi-
conductor layer can be measured by secondary ion mass
spectrometry (SIMS).

Ifhydrogen or moisture is contained in the oxide semicon-
ductor layer as an impurity, it forms an n-type region; there-
fore, in order to achieve a well-shaped structure, it is useful to
cover a side surface of the second oxide layer 110 with a
protective insulating layer 116 (e.g., a silicon nitride layer) in
order to prevent entry of hydrogen or moisture from the
outside.
<Method for Manufacturing Semiconductor Device>

A method for manufacturing the transistor 200 illustrated
in FIGS. 1A to 1C will be described with reference to FIGS.
3A to 3E and FIGS. 4A to 4C.

First, the base insulating layer 102 is formed over the
substrate 100 having an insulating surface (see FIG. 3A).

The base insulating layer 102 may have a single-layer
structure or a stacked structure. Note that at least a region in
the base insulating layer 102 that is in contact with the first
oxide layer 104 is formed of a material that contains oxygen
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in order to supply oxygen to the first oxide layer 104 and/or
the oxide semiconductor layer 106. Further, the base insulat-
ing layer 102 is preferably a layer containing an excessive
amount of oxygen.

In order to make the base insulating layer 102 contain an
excessive amount of oxygen, the base insulating layer 102
may be formed in an oxygen atmosphere, for example. Alter-
natively, the base insulating layer 102 may be formed in such
a manner that oxygen is introduced into the deposited base
insulating layer 102. Further alternatively, both of these meth-
ods may be combined.

The base insulating layer 102 is an insulating layer in
contact with the first oxide layer 104 and thus it is preferable
that the hydrogen concentration in the base insulating layer
102 be reduced. After formation of the base insulating layer
102, it is preferable to perform heat treatment (dehydration
treatment or dehydrogenation treatment) for the purpose of
hydrogen removal.

The heat treatment is performed at a temperature of 250° C.
to 650° C. inclusive, preferably 350° C. to 600° C. inclusive,
or lower than the strain point of the substrate. For example,
the substrate is put in an electric furnace which is one of heat
treatment apparatuses, and the heat treatment is performed on
the base insulating layer 102 at 450° C. in a vacuum (reduced-
pressure) atmosphere for an hour.

Note that the heat treatment apparatus is not limited to an
electric furnace, and an apparatus for heating an object by
thermal conduction or thermal radiation from a heating ele-
ment such as a resistance heating element may be used. For
example, an RTA (rapid thermal annealing) apparatus such as
a GRTA (gas rapid thermal annealing) apparatus or an LRTA
(lamp rapid thermal annealing) apparatus can be used. The
LRTA apparatus is an apparatus for heating an object by
radiation of light (an electromagnetic wave) emitted from a
lamp such as a halogen lamp, a metal halide lamp, a xenon arc
lamp, a carbon arc lamp, a high-pressure sodium lamp, or a
high-pressure mercury lamp. A GRTA apparatus is an appa-
ratus for performing heat treatment using a high-temperature
gas. As the high-temperature gas, an inert gas that does not
react with an object by heat treatment, such as nitrogen or a
rare gas such as argon is used. Note that in the case where the
GRTA apparatus is used as the heat treatment apparatus, the
substrate may be heated in an inert gas heated to high tem-
perature of 650° C. to 700° C. because the heat treatment time
is short.

The heat treatment may be performed in an atmosphere of
nitrogen, oxygen, ultra-dry air (air in which the water content
is 20 ppm or less, preferably 1 ppm or less, further preferably
10 ppb or less), or a rare gas (argon, helium, or the like). Note
that it is preferable that water, hydrogen, or the like be not
contained in the atmosphere of nitrogen, oxygen, ultra-dry
air, or a rare gas. The purity of nitrogen, oxygen, or a rare gas
which is introduced into a heat treatment apparatus is prefer-
ably 6N (99.9999%) or higher, further preferably 7N
(99.99999%) or higher (that is, the impurity concentration is
preferably 1 ppm or lower, further preferably 0.1 ppm or
lower).

Note that oxygen can be released from the base insulating
layer 102 by heat treatment. Accordingly, treatment for intro-
ducing oxygen (at least including any of oxygen radicals,
ozone, oxygen atoms, and oxygen ions (including oxygen
molecular ions and oxygen cluster ions)) to the dehydrated or
dehydrogenated base insulating layer 102 is preferably per-
formed.

The introduction of oxygen to the base insulating layer 102
can be performed by an ion implantation method, an ion
doping method, a plasma immersion ion implantation
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method, plasma treatment, or the like, for example. Note that
for the oxygen introduction treatment, a gas containing oxy-
gen can be used. As the gas containing oxygen, oxygen,
dinitrogen monoxide, nitrogen dioxide, carbon dioxide, car-
bon monoxide, and the like can be used. Further, a rare gas
may be included in the gas containing oxygen for the oxygen
introduction treatment. By the oxygen introduction treatment
on the base insulating layer 102, oxygen that is released by
heat treatment can be compensated.

Next, a first oxide film 104a for forming the first oxide
layer 104 and an oxide semiconductor film 1064 for forming
the oxide semiconductor layer 106 are formed over the base
insulating layer 102 by a sputtering method, a CVD method,
a molecular beam epitaxy (MBE) method, an atomic layer
deposition (ALD) method, or a pulsed laser deposition (PLD)
method (see FIG. 3B).

The first oxide film 104a and the oxide semiconductor film
106a can be formed using the above-described materials of
the first oxide layer 104 and the oxide semiconductor layer
106.

For example, when the first oxide film 104q for forming the
first oxide layer 104 is formed by a sputtering method, a
sputtering target with a composition of In:Ga:Zn=1:3:2 in
atomic ratio, a sputtering target with a composition of In:Ga:
7Zn=1:6:4 in atomic ratio, a sputtering target with a composi-
tion of In:Ga:Zn=1:9:6 in atomic ratio, or a sputtering target
having a composition that is in the neighborhood of the com-
positions of the above targets is preferably used.

For example, when the oxide semiconductor film 1064 for
forming the oxide semiconductor layer 106 is formed by a
sputtering method, a sputtering target with a composition of
In:Ga:Zn=1:1:1 in atomic ratio, a sputtering target with a
composition of In:Ga:Zn=3:1:2 in atomic ratio, or a sputter-
ing target having a composition that is in the neighborhood of
the compositions of the above targets is preferably used.

Note that the composition of the film formed by a sputter-
ing method may be different from the composition of the
target for forming the film. For example, when an oxide
semiconductor film is formed using a sputtering target includ-
ing ZnO, sublimation of ZnO or the like may occur during
deposition, so that the atomic ratio of Zn to In and/or Ga inthe
deposited oxide semiconductor film becomes lower than that
of the sputtering target.

As described above, a material of the first oxide film 104a
is selected such that the first oxide film 104a has a lower
electron affinity than the oxide semiconductor film 1064.

The first oxide semiconductor film 104a and the oxide
semiconductor film 1064 are preferably formed by a sputter-
ing method. As the sputtering method, an RF sputtering
method, a DC sputtering method, an AC sputtering method, or
the like can be used. In particular, a DC sputtering method is
preferably used because dust generated in the deposition can
be reduced and the film thickness can be uniform.

In the formation of the first oxide film 1044 and the oxide
semiconductor film 1064, the hydrogen concentration in the
films is preferably reduced as much as possible. To reduce the
hydrogen concentration, for example, in the case where the
films are formed by a sputtering method, oxygen, a high-
purity rare gas (typically, argon) from which impurities such
as hydrogen, water, a hydroxyl group, and hydride have been
removed, or a mixed gas of oxygen and the rare gas is used as
appropriate as an atmosphere gas supplied to a deposition
chamber of a sputtering apparatus.

The first oxide film and the oxide semiconductor film are
formed in such a manner that a sputtering gas from which
hydrogen and moisture are removed is introduced into a depo-
sition chamber while moisture remaining in the deposition
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chamber is removed, whereby the concentration of hydrogen
in the films can be reduced. In order to remove the residual
moisture in the deposition chamber, an entrapment vacuum
pump, for example, a cryopump, an ion pump, or a titanium
sublimation pump is preferably used. The evacuation unit
may be a turbo molecular pump provided with a cold trap.
When the deposition chamber is evacuated with the cry-
opump, which has a high capability in removing a hydrogen
molecule, a compound containing a hydrogen atom such as
water (H,O) (preferably, also a compound containing a car-
bon atom), and the like, the impurity concentration in the
oxide film and the oxide semiconductor film formed in the
deposition chamber can be reduced.

Note that oxygen may be introduced into the first oxide film
104a at the timing that is after formation of the first oxide film
1044 and before formation of the oxide semiconductor film
106a. By the oxygen introduction treatment, the first oxide
film 104a excessively contains oxygen, so that the excess
oxygen can be supplied to the oxide semiconductor film 1064
by heat treatment in a later film formation step.

It is preferable to perform heat treatment after the forma-
tion of the first oxide film 1044 and the oxide semiconductor
film 106a. The heat treatment is preferably performed at a
temperature of higher than or equal to 250° C. and lower than
or equal to 650° C., preferably higher than or equal to 300° C.
and lower than or equal to 500° C., in an inert gas atmosphere,
anatmosphere containing an oxidizing gas at 10 ppm or more,
or a reduced pressure atmosphere. Alternatively, the heat
treatment may be performed in such a manner that heat treat-
ment is performed in an inert gas atmosphere, and then
another heat treatment is performed in an atmosphere con-
taining an oxidizing gas at 10 ppm or more in order to com-
pensate released oxygen. By this heat treatment, impurities
such as hydrogen or water can be removed from at least one of
the base insulating layer 102, the first oxide film 104a, and the
oxide semiconductor film 106a.

Note that the above-described heat treatment may be per-
formed after the first oxide film 1044 and the oxide semicon-
ductor film 106a are processed into an island shape. However,
the heat treatment for dehydration or dehydrogenation before
processing of the films into an island shape is preferable to
prevent release of oxygen contained in the base insulating
layer 102 from a region that is not covered with the island-
shaped first oxide layer 104 and the island-shaped oxide
semiconductor layer 106.

Next, the first oxide film 104a and the oxide semiconductor
film 106a are processed into the island-shaped first oxide
layer 104 and the island-shaped oxide semiconductor layer
106 (see FIG. 3C). Here, the first oxide layer 104 and the
oxide semiconductor layer 106 can be obtained by etching
using the same mask. Accordingly, the first oxide layer 104
and the oxide semiconductor layer 106 have the same plan
shape and the upper edge of the first oxide layer 104 coincides
with the lower edge of the oxide semiconductor layer 106.

In processing into the first oxide layer 104 and the oxide
semiconductor layer 106, the first oxide film 104a may be
over-etched, in which case part of the base insulating layer
102 (the region that is not covered with the island-shaped first
oxide layer 104 and the island-shaped oxide semiconductor
layer 106) is etched to cause a reduction in film thickness of
the base insulating layer 102.

Next, a conductive film is formed over the oxide semicon-
ductor layer 106 and then processed so that the source elec-
trode layer 108a and the drain electrode layer 10856 are
formed (see FIG. 3D).

In this embodiment, the source electrode layer 108a and
the drain electrode layer 1085 have a step-like end portion
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with a plurality of steps. The end portion can be processed by
alternately performing a step of making a resist mask recede
by ashing and an etching step a plurality of times.

In this embodiment, each end portion of the source elec-
trode layer 108a and the drain electrode layer 1085 is pro-
vided with two steps; however, it may be provided with three
or more steps, or alternatively may be provided with one step
without performing resist ashing during the processing. It is
preferable that the number of steps be increased as the thick-
ness of the source electrode layer 1084 and the drain electrode
layer 1085 is larger. Note that the end portions of the source
electrode layer 1084 and the drain electrode layer 1085 are
not necessarily symmetric to each other. Note that a curved
surface having an arbitrary curvature radius may be provided
between a top surface and a side surface of each step.

When the source electrode layer 108a and the drain elec-
trode layer 1085 have a shape including a plurality of steps as
described above, coverage with the films formed over the
source electrode layer 108a and the drain electrode layer
1085, specifically, coverage with the second oxide layer 110,
the gate insulating layer 112, and the like is improved, so that
the transistors can have more favorable electrical character-
istics and higher long-term reliability.

In the processing into the source electrode layer 108a and
the drain electrode layer 1085, the conductive film may be
over-etched, in which case part of the base insulating layer
102 and part of the oxide semiconductor layer 106 (the region
that is not covered with the source electrode layer 1084 and
the drain electrode layer 1085) is etched to cause a reduction
in film thickness of the base insulating layer 102 and the oxide
semiconductor layer 106.

Note that if the conductive film for forming the source
electrode layer 1084 and the drain electrode layer 1085
remains over the oxide semiconductor layer 106 as a residue,
the residue may form an impurity state in the oxide semicon-
ductor layer 106 or at the interface thereof. Further, oxygen
extraction from the oxide semiconductor layer 106 may be
caused by the residue to form an oxygen vacancy.

Therefore, in order to prevent formation of an impurity
state and formation of an oxygen vacancy which are caused
by the residue, treatment for removing the residue may be
performed on the surface of the oxide semiconductor layer
106 after the source electrode layer 108a and the drain elec-
trode layer 1084 are formed. As the treatment for removing
the residue, etching treatment (e.g., wet etching) or plasma
treatment using oxygen or dinitrogen monoxide may be
employed. The treatment for removing the residue may
reduce the thickness of the oxide semiconductor layer 106
between the source electrode layer 1084 and the drain elec-
trode layer 1086 by 1 nm or more and 3 nm or less.

Next, a second oxide film 110a for forming the second
oxide layer 110 and a gate insulating film 112a for forming
the gate insulating layer 112 are stacked over the source
electrode layer 1084 and the drain electrode layer 1085 (see
FIG. 3E).

It is preferable to form the second oxide film 110q and the
gate insulating film 112« in succession without exposure to
the air, in order to prevent adsorption of an impurity such as
hydrogen or moisture on the surface of the second oxide film
110a.

For the second oxide film 110a for forming the second
oxide layer 110, the above-described material can be used.
For example, in the case of forming the first oxide film 104a
by a sputtering method, a sputtering target with a composition
of In:Ga:Zn=1:3:2 in atomic ratio, a sputtering target with a
composition of In:Ga:Zn=1:6:4 in atomic ratio, a sputtering
target with a composition of In:Ga:Zn=1:9:6 in atomic ratio,
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or a sputtering target having a composition that is in the
neighborhood of the compositions of the above targets is
preferably used.

Note that a mixed layer (or a mixed region) of the oxide
semiconductor layer 106 and the second oxide film 110a may
be formed at the interface therebetween. In this case, in the
transistor 200, the interface between the oxide semiconductor
layer 106 and the second oxide layer 110 is unclear in some
cases. The mixed layer (or the mixed region) at the interface
can reduce interface scattering between the oxide semicon-
ductor layer 106 and the second oxide film 110a.

The gate insulating film 1124 can be formed by a sputtering
method, an MBE method, a CVD method, a pulsed laser
deposition method, an ALD method, or the like using the
above-described material.

For example, the gate insulating film 112a is preferably
formed by a high-density plasma CVD method using micro-
wave (e.g., a frequency of 2.45 GHz), whereby the gate insu-
lating film 1124 can be formed dense with high withstand
voltage.

Next, the gate electrode layer 114 is formed over the gate
insulating film 112a. Then, using the gate electrode layer 114
as a mask, the second oxide film 110q and the gate insulating
film 1124 are processed to form the second oxide layer 110
and the gate insulating layer 112 (see FIG. 4A). To avoid an
increase in the number of masks, it is favorable to form the
second oxide layer 110 and the gate insulating layer 112 using
the gate electrode layer 114 as a mask in a self-aligned man-
ner.

The gate electrode layer 114 can be formed by a plasma
CVD method, a sputtering method, or the like using the
above-described material. Instead of the plasma CVD method
or the sputtering method, a thermal CVD method may be
used, for example. A metal organic chemical vapor deposition
(MOCVD) method or an atomic layer deposition (ALD)
method can be employed as an example of a thermal CVD
method.

By processing the second oxide film 1104 into the second
oxide layer 110, outward diffusion of indium contained in the
second oxide layer 110 can be prevented. The outward diffu-
sion of indium is a factor causing variations in electrical
characteristics of transistors or a factor of contamination in a
deposition chamber in the process. Thus, the processing for
forming the second oxide layer 110 using the gate electrode
layer 114 as a mask is effective. Furthermore, the processing
for forming the second oxide layer 110 can prevent genera-
tion of a residue for the following reason. If the second oxide
film 110a remains in contact hole formation regions at the
time of forming contact holes that electrically connect the
source and drain electrode layers 108a and 1085 to the wiring
layers 120a and 1205, a residue tends to be generated owing
to the difference in etching rate between the remaining second
oxide film 110a and the protective insulating layer 116 and
the insulating layer 118 that are formed later.

Note that the processing for forming the second oxide layer
110 and the gate insulating layer 112 can be performed before
the gate electrode layer 114 is formed. In such a case, the
mask used for the processing for forming the first oxide layer
104 and the oxide semiconductor layer 106 is preferably used
for the processing for forming the second oxide layer 110 and
the gate insulating layer 112 in order to reduce the number of
masks. Note that if a resist mask is formed in contact with the
second oxide layer 110, a surface of the second oxide layer
110 might be damaged (e.g., contamination with impurities, a
reduction in thickness, or generation of oxygen vacancies) by
chemical solution treatment for removing the resist mask or
the like. Accordingly, the processing for forming the second
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oxide layer 110 is preferably performed in the same etching
step for processing the gate insulating film 112a.

Further, if part of the base insulating layer 102 is exposed
as a result of processing of the second oxide film 110« at the
time of forming the gate insulating film 112a, oxygen
released from the base insulating layer 102 by heating at the
time of forming the gate insulating film 112a might be
released to the outside (e.g., deposition atmosphere). The
base insulating layer 102 is a layer serving as a supply source
of oxygen to the oxide semiconductor layer 106, and the
release of oxygen from the base insulating layer 102 to the
outside means a reduction in oxygen supplied to the oxide
semiconductor layer 106 and may consequently cause gen-
eration of oxygen vacancies in the oxide semiconductor layer
106. For this reason, it is preferable that the base insulating
layer 102 be covered with the second oxide film 110a when
the gate insulating film 112a is formed. In this manner, the
second oxide film 1104 can prevent oxygen released from the
base insulating layer 102 by heat treatment at the time of
forming the gate insulating film 1124a from being released to
the outside. Note that in the case of forming the gate insulat-
ing film 1124 after processing the second oxide film 110a, the
deposition temperature of the gate insulating film 112a is
preferably lower than the deposition temperature of the sec-
ond oxide film 1104 for the prevention of the oxygen release
from the base insulating layer 102.

Next, the protective insulating layer 116 is formed over the
gate electrode layer 114 so as to cover side surfaces of the
second oxide layer 110 and the gate insulating layer 112.
Then, the insulating layer 118 is formed over the protective
insulating layer 116 (see FIG. 4B).

As the protective insulating layer 116, an insulating layer
having a lower permeability to oxygen (higher barrier prop-
erty with respect to oxygen) than the second oxide layer 110
and the gate insulating layer 112 is provided. It is preferable
to use, as the protective insulating layer 116, the insulating
layer having a lower permeability to oxygen than the base
insulating layer 102, in order to prevent release of oxygen
from the base insulating layer 102 during and after formation
of' the protective insulating layer 116. As the protective insu-
lating layer 116, an aluminum oxide film, a silicon nitride
film, or a silicon nitride oxide film can be provided, for
example.

Note that the protective insulating layer 116 is preferably
formed by a sputtering method because it is preferable to
reduce the concentration of hydrogen in the protective insu-
lating layer 116. The concentration of hydrogen in the pro-
tective insulating layer 116 is preferably lower than 5x10°
cm™>, further preferably lower than 5x10'® cm™.

For example, in the case of forming an aluminum oxide
film as the protective insulating layer 116, the aluminum
oxide film may be formed using a sputtering target including
aluminum oxide or may be formed using an aluminum target
in an oxygen atmosphere or an atmosphere of oxygen and a
rare gas.

The insulating layer 118 is stacked over the protective
insulating layer 116, whereby the withstand voltage of the
transistor 200 can be increased. The insulating layer 118 can
be formed using an inorganic insulating material, and the
thickness of the insulating layer 118 is preferably larger than
at least the thickness of the protective insulating layer 116.
For example, as the insulating layer 118, a 300-nm-thick
silicon oxynitride film can be formed by a plasma CVD
method.

It is preferable to perform heat treatment after the protec-
tive insulating layer 116 and the insulating layer 118 are
formed. The temperature of the heat treatment is preferably
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higher than or equal to 300° C. and lower than or equal to 450°
C. By the heat treatment, oxygen is easily released from the
base insulating layer 102, so that oxygen vacancies in the first
oxide layer 104, the oxide semiconductor layer 106 and/or the
second oxide layer 110 can be reduced.

In the case where the conductive film for forming the
source electrode layer 108a and the drain electrode layer
1085 is formed by a sputtering method, a surface of the oxide
semiconductor layer 106 might be damaged by plasma at the
time of the deposition and an oxygen vacancy might be
formed. Further, hydrogen might occupy the formed oxygen
vacancy. Thus, after the conductive film for forming the
source electrode layer 108a and the drain electrode layer
1085 is formed, the whole surface of the oxide semiconductor
layer 106 which is in contact with the conductive film might
have n-type conductivity.

These problems can be effectively solved by the following
process in which the second oxide layer 110 is formed in
contact with an n-type region of the oxide semiconductor
layer 106; the protective insulating layer 116 that prevents
release of oxygen from an end portion of the second oxide
layer 110 is formed; and then the heat treatment for supplying
oxygen is performed.

By performing the heat treatment after the formation of the
protective insulating layer 116, release of oxygen from the
base insulating layer 102 in the region that is not in contact
with the first oxide layer 104 and from the side surfaces of the
second oxide layer 110 and the gate insulating layer 112 can
be prevented. In addition, oxygen can be effectively supplied
to the stacked structure including the first oxide layer 104, the
oxide semiconductor layer 106, and the second oxide layer
110. Therefore, in the case where an n-type region exists on
the back channel side in the oxide semiconductor layer 106,
oxygen vacancies in the region can be occupied by oxygen.
That is, the supply of oxygen to the stacked structure (oxide
stack) including the oxide semiconductor layer 106 by the
heat treatment enables an n-type channel region to change
into an i-type region.

Furthermore, the temperature and time of the heat treat-
ment are adjusted as appropriate; consequently, the regions
having n-type conductivity owing to the oxygen vacancies
remain in regions in contact with the source electrode layer
108a and the drain electrode layer 1085, and at the same time
the i-type channel region can be formed. In this case, the
oxide semiconductor layer 106 can include the n-type regions
that function as a source region and a drain region and a
channel region that is intrinsic or substantially intrinsic.

Next, the contact holes that reach the source electrode layer
108a and the drain electrode layer 1085 are formed in the
protective insulating layer 116 and the insulating layer 118.
Then, a conductive film is formed in the contact holes and
over the insulating layer 118 and processed into the wiring
layer 120a and the wiring layer 12056 that are electrically
connected to the source electrode layer 108a and the drain
electrode layer 1085, respectively (see FIG. 4C). The conduc-
tive film for forming the wiring layers 120a and 1205 can be
formed using a material and a formation method that are
similar to those of the conductive film for forming the source
electrode layer 1084 and the drain electrode layer 1085.

In this manner, the transistor 200 in this embodiment can be
manufactured.

The transistor 200 described in this embodiment has the
following structure: the oxide semiconductor layer 106 in
which a channel is formed is provided between the first and
second oxide layers whose main components are the same as
those of the oxide semiconductor layer 106 and in which
oxygen vacancies do not easily occur. With this structure of
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the transistor 200, an increase in oxygen vacancies in the
oxide semiconductor layer 106 can be prevented and the
impurity concentration can be reduced, whereby the oxide
semiconductor layer 106 can be a highly purified intrinsic
oxide semiconductor layer.

Accordingly, variations in electrical characteristics, such
as variations in threshold voltage, which might occur due to
oxygen vacancies in the channel formation region, can be
suppressed. Specifically, prevention of the variations in
threshold voltage can lead to stable normally-off state, for
example. Thus, a semiconductor device which has favorable
electrical characteristics and high long-term reliability can be
provided.

Further, the side surface of the second oxide layer 110 that
is in contact with an upper surface of the oxide semiconductor
layer 106, the side surface of the gate insulating layer 112, and
the base insulating layer 102 that is a supply source of oxygen
to the oxide semiconductor layer 106 are covered with the
protective insulating layer 116 that functions as a barrier film
having a low permeability to oxygen. This prevents release of
oxygen from the second oxide layer 110, the gate insulating
layer 112 and/or the base insulating layer 102, whereby oxy-
gen can be effectively supplied to the oxide semiconductor
layer 106. By the supply of oxygen to the oxide semiconduc-
tor layer 106, oxygen vacancies are filled, so that transistor
characteristics are stabilized. This makes it possible to pro-
vide a highly reliable semiconductor device.

The structures, the methods, and the like described in this
embodiment can be combined as appropriate with any of the
structures, the methods, and the like described in the other
embodiments.

Embodiment 2

In this embodiment, an example of a semiconductor layer
applicable to the transistor of Embodiment 1 will be
described in detail with reference to drawings.
<Crystallinity of Oxide Semiconductor Layer>

The oxide semiconductor layer is classified roughly into a
single crystal oxide semiconductor layer and a non-single-
crystal oxide semiconductor layer. As examples of the non-
single-crystal oxide semiconductor layer, an amorphous
oxide semiconductor film, a c-axis aligned crystalline oxide
semiconductor (CAAC-OS) film, a polycrystalline oxide
semiconductor film, a microcrystalline oxide semiconductor
film, and the like can be given.

For example, the oxide semiconductor layer in the transis-
tor may include a CAAC-OS film. The CAAC-OS film is one
of oxide semiconductor films including a plurality of crystal
parts, and most of the crystal parts each fit inside a cube whose
one side is less than 100 nm. Thus, there is a case where a
crystal part included in the CAAC-OS film fits inside a cube
whose one side is less than 10 nm, less than 5 nm, or less than
3 nm. The density of defect states of the CAAC-OS film is
lower than that of the microcrystalline oxide semiconductor
film.

In a transmission electron microscope (TEM) image of the
CAAC-O0S film, a boundary between crystal parts, that is, a
grain boundary is not clearly observed. Thus, in the CAAC-
OS film, a reduction in electron mobility due to a grain bound-
ary is less likely to occur.

According to the TEM image of the CAAC-OS film
observed in a direction substantially parallel to a sample
surface (cross-sectional TEM image), metal atoms are
arranged in a layered manner in the crystal parts. Each metal
atom layer has a morphology reflected by a surface over
which the CAAC-OS film is formed (hereinafter, a surface
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over which the CAAC-OS film is formed is referred to as a
formation surface) or a top surface of the CAAC-OS film, and
is arranged in parallel to the formation surface or the top
surface of the CAAC-OS film.

On the other hand, according to the TEM image of the
CAAC-OS film observed in a direction substantially perpen-
dicular to the sample surface (plan TEM image), metal atoms
are arranged in a triangular or hexagonal configuration in the
crystal parts. However, there is no regularity of arrangement
of metal atoms between different crystal parts.

From the results of the cross-sectional TEM image and the
plan TEM image, alignment is found in the crystal parts in the
CAAC-OS film.

In the structural analysis of the CAAC-OS film with an
X-ray diffraction (XRD) apparatus, a peak appears at a dif-
fraction angle (20) of around 31° in some cases when the
CAAC-OS film including an InGaZnO,, crystal is analyzed by
an out-of-plane method, for example. This peak is derived
from the (009) plane of the InGaZnO, crystal, which indicates
that crystals in the CAAC-OS film have c-axis alignment, and
that the c-axes are aligned in a direction substantially perpen-
dicular to the formation surface or the top surface of the
CAAC-OS film.

On the other hand, when the CAAC-OS film is analyzed by
an in-plane method in which an X-ray enters a sample in a
direction substantially perpendicular to the c-axis, a peak
appears at 20 of around 56° in some cases. This peak is
derived from the (110) plane of the InGaZnO, crystal. Here,
analysis (¢ scan) is performed under conditions where the
sample is rotated around a normal vector of a sample surface
as an axis (¢ axis) with 20 fixed at around 56°. In the case
where the sample is a single-crystal oxide semiconductor film
of InGaZnO,, six peaks appear. The six peaks are derived
from crystal planes equivalent to the (110) plane. On the other
hand, in the case of a CAAC-OS film, a peak is not clearly
observed even when ¢ scan is performed with 20 fixed at
around 56°.

According to the above results, in the CAAC-OS film,
while the directions of a-axes and b-axes are different
between crystal parts, the c-axes are aligned in a direction
parallel to a normal vector of a formation surface or a normal
vector of a top surface. Thus, each metal atom layer arranged
in a layered manner observed in the cross-sectional TEM
image corresponds to a plane parallel to the a-b plane of the
crystal. Note that in this specification, a simple term “perpen-
dicular” includes a range from 80° to 100°, preferably from
85° to 95°. In addition, the term “parallel” includes a range
from -10° to 10°, preferably from -5° to 5°.

Further, for example, spots (luminescent spots) are shown
in an electron diffraction pattern of the CAAC-OS film in
some cases. An electron diffraction pattern obtained with an
electron beam having a diameter of 10 nm¢ or smaller, or 5
nm¢ or smaller, is called a nanobeam electron diffraction
pattern. FIG. 5A is an example of a nanobeam electron dif-
fraction pattern of a sample including the CAAC-OS film.
Here, the sample is cut in the direction perpendicular to a
formation surface of the CAAC-OS film and the thickness
thereof is reduced to about 40 nm. Further, an electron beam
with a diameter of 1 nm¢ enters from the direction perpen-
dicular to the cut surface of the sample. In FIG. 5A, spots are
observed in the nanobeam electron diffraction pattern of the
CAAC-OS film.

The CAAC-OS film could be obtained by reducing the
impurity concentration, for example. The impurity means
here an element other than the main components of the oxide
semiconductor, such as hydrogen, carbon, silicon, or a tran-
sition metal element. In particular, the strength to bond with
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oxygen of an element such as silicon is higher than that of a
metal element included in the oxide semiconductor. There-
fore, when the element takes oxygen away in the oxide semi-
conductor, the atomic arrangement in the oxide semiconduc-
tor is disrupted, whereby the crystallinity of the oxide
semiconductor is lowered in some cases. In addition, a heavy
metal such as iron or nickel, argon, carbon dioxide, or the like
has a large atomic radius (or molecular radius), and thus
disrupts the atomic arrangement in the oxide semiconductor,
whereby the crystallinity of the oxide semiconductor is low-
ered in some cases. Hence, the CAAC-OS is an oxide semi-
conductor with a low impurity concentration. Note that the
impurity included in the oxide semiconductor might serve as
a carrier generation source.

Note that the crystal part is formed concurrently with depo-
sition of the CAAC-OS film or is formed through crystalliza-
tion treatment such as heat treatment. As described above, the
c-axis of the crystal is aligned in a direction parallel to a
normal vector of a formation surface or a normal vector of a
top surface of the CAAC-OS film. Thus, for example, in the
case where the shape of the CAAC-OS film is changed by
etching or the like, the c-axis might not be necessarily parallel
to a normal vector of a formation surface or a normal vector of
a top surface of the CAAC-OS film.

Further, the degree of crystallinity in the CAAC-OS film is
not necessarily uniform. For example, in the case where crys-
tal growth leading to the CAAC-OS film occurs from the
vicinity of the top surface of the film, the degree of the
crystallinity in the vicinity of the top surface is higher than
that in the vicinity of the formation surface in some cases.
Further, when an impurity is added to the CAAC-OS film, the
crystallinity in a region to which the impurity is added is
changed, and the degree of crystallinity in the CAAC-OS film
varies depending on regions.

Note that when the CAAC-OS film with an InGaZnO,
crystal is analyzed by an out-of-plane method, a peak of 20
may also be observed at around 36°, in addition to at around
31°. The peak of 26 at around 36° indicates that a crystal
having no c-axis alignment is included in part of the CAAC-
OS film. It is preferable that in the CAAC-OS film, a peak of
20 appears at around 31° and does not appear at around 36°.

Further, the CAAC-OS film can be formed by reducing the
density of defect states for example. In an oxide semiconduc-
tor, for example, oxygen vacancies are defect states. The
oxygen vacancies serve as trap states or serve as carrier gen-
eration sources when hydrogen is trapped therein. In order to
form the CAAC-OS film, for example, it is important to
prevent generation of oxygen vacancies in the oxide semicon-
ductor. Thus, the CAAC-OS film is an oxide semiconductor
film having a low density of defect states. In other words, the
CAAC-OS film is an oxide semiconductor film having few
oxygen vacancies.

Here, the oxide semiconductor layer with low impurity
concentration and low density of defect states (small number
of oxygen vacancies) is described as a highly purified intrin-
sic or substantially highly purified intrinsic oxide semicon-
ductor layer. A highly purified intrinsic or substantially highly
purified intrinsic oxide semiconductor has few carrier gen-
eration sources, and thus has a low carrier density in some
cases. Thus, in some cases, a transistor including the oxide
semiconductor in a channel formation region rarely has a
negative threshold voltage (is rarely normally-on). Further, a
highly purified intrinsic or substantially highly purified
intrinsic oxide semiconductor has a low density of defect
states and accordingly has a low density of trap states in some
cases. Thus, the transistor including the oxide semiconductor
in the channel formation region has a small variation in elec-
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trical characteristics and high reliability in some cases. A
charge trapped by a trap state in the oxide semiconductor
takes a long time to be released and may behave like a fixed
charge. Thus, the transistor which includes the oxide semi-
conductor having a high density of trap states in the channel
formation region has unstable electrical characteristics in
some cases.

With the use of the CAAC-OS film in a transistor, variation
in electrical characteristics of the transistor due to irradiation
with visible light or ultraviolet light is small. Thus, the tran-
sistor has high reliability.

The CAAC-OS can be formed by a sputtering method
using a DC power source, for example.

The oxide semiconductor layer used in the semiconductor
device may be a polycrystalline oxide semiconductor film
including a plurality of crystal grains. The typical size of a
crystal grain in the polycrystalline oxide semiconductor film
that is observed by TEM is greater than or equal to 2 nm and
less than or equal to 300 nm, greater than or equal to 3 nm and
less than or equal to 100 nm, or greater than or equal to 5 nm
and less than or equal to 50 nm, for example. Moreover, in the
TEM image, a boundary between crystal grains (a grain
boundary) can be found in the polycrystalline oxide semicon-
ductor film in some cases.

The polycrystalline oxide semiconductor film may include
aplurality of crystal grains, and the alignment of crystals may
be different in the plurality of crystal grains. When a poly-
crystalline oxide semiconductor film is analyzed by an out-
of-plane method with use of an XRD apparatus, a single peak
or a plurality of peaks appear in some cases. For example, in
the case of a polycrystalline In—Ga—7n—O0 film, a peak at
20 of around 31° that shows an alignment or peaks showing a
plurality of kinds of alignments appear in some cases. Fur-
ther, spots are observed in a nanobeam electron diffraction
pattern of the polycrystalline oxide semiconductor film in
some cases.

The polycrystalline oxide semiconductor film has high
crystallinity and thus has high electron mobility in some
cases. Accordingly, a transistor using the polycrystalline
oxide semiconductor film for a channel formation region has
high field-effect mobility. Note that there are cases in which
an impurity is segregated at the grain boundary in the poly-
crystalline oxide semiconductor film. Moreover, the grain
boundary of the polycrystalline oxide semiconductor film
serves as a defect state. Since the grain boundary of the
polycrystalline oxide semiconductor film may serve as a trap
state or a carrier generation source, a transistor using the
polycrystalline oxide semiconductor film for a channel for-
mation region has larger variations in electrical characteris-
tics and lower reliability than a transistor using a CAAC-OS
film for a channel formation region in some cases.

The polycrystalline oxide semiconductor film can be
formed by high-temperature heat treatment or laser light
treatment.

The oxide semiconductor layer used in the semiconductor
device may be a microcrystalline oxide semiconductor film.
Inthe TEM image of the microcrystalline oxide semiconduc-
tor film, crystal parts cannot be found clearly in some cases.
The microcrystalline oxide semiconductor film includes a
microcrystal (also referred to as nanocrystal) with a size
greater than or equal to 1 nm and less than 10 nm, for example.
Thus, the microcrystalline oxide semiconductor film has a
higher degree of atomic order, that is, a lower density of defect
states than the amorphous oxide semiconductor film. Further,
in the TEM image of the microcrystalline oxide semiconduc-
tor film, a boundary between crystal parts cannot be found
clearly in some cases, for example. Accordingly, in the micro-
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crystalline oxide semiconductor film, segregation of impuri-
ties is less likely to occur, that is, the density of defect states
is unlikely to be high. In addition, a reduction in electron
mobility is small.

In the microcrystalline oxide semiconductor film, for
example, a microscopic region (for example, a region with a
size greater than or equal to 1 nm and less than or equal to 10
nm) has a periodic atomic order occasionally. In other words,
there is a case where periodic atomic order is not observed
macroscopically or a case where long-range order in atomic
arrangement is not observed. Accordingly, in some cases, the
microcrystalline oxide semiconductor film cannot be distin-
guished from an amorphous oxide semiconductor film
depending on the analysis method. For example, when the
microcrystalline oxide semiconductor film is analyzed by an
out-of-plane method with an XRD apparatus using an X-ray
having a beam diameter larger than the diameter of a crystal
part, a peak that shows alignment does not appear in some
cases. Further, for example, a halo pattern is shown in some
cases in an electron diffraction pattern of the microcrystalline
oxide semiconductor film obtained by using an electron beam
having a diameter larger than the diameter of a crystal part
(for example, a beam diameter of 20 nm¢ or more, or 50 nm¢
or more). Further, spots are shown in some cases in a nano-
beam electron diffraction pattern of the microcrystalline
oxide semiconductor film obtained by using an electron beam
having a diameter smaller than or equal to the diameter of a
crystal part (for example, a beam diameter of 10 nmé or less,
or 5 nm¢ or less), for example. Further for example, in a
nanobeam electron diffraction pattern of the microcrystalline
oxide semiconductor film, regions with high luminance in a
circular pattern are shown in some cases. In a nanobeam
electron diffraction pattern of the microcrystalline oxide
semiconductor film, for example, a plurality of spots are
shown in the region in some cases.

FIG. 5B shows an example of a nanobeam electron diffrac-
tion pattern of a sample including a microcrystalline oxide
semiconductor film. Here, a sample of the microcrystalline
oxide semiconductor film is cut in the direction perpendicular
to a surface on which the microcrystalline oxide semiconduc-
tor film is formed, and the thickness thereof is reduced to
about 40 nm. Further, an electron beam with a diameter of 1
nm¢ is emitted from the direction perpendicular to the cut
surface of the sample. In the nanobeam electron diffraction
pattern of the microcrystalline oxide semiconductor film in
FIG. 5B, regions with high luminance in a circular pattern are
shown, and in addition, a plurality of spots is also shown in the
region.

Since the microscopic region in the microcrystalline oxide
semiconductor film has a periodic atomic order occasionally,
the microcrystalline oxide semiconductor film has lower den-
sity of defect states than the amorphous oxide semiconductor.
Note that since crystal parts in the microcrystalline oxide
semiconductor film are not regularly arranged, the microc-
rystalline oxide semiconductor film has higher density of
defect states than the CAAC-OS film.

Accordingly, the microcrystalline oxide semiconductor
film has a much higher carrier density than the CAAC-OS
film, in some cases. Since an oxide semiconductor with high
carrier density tends to have high electron mobility, a transis-
tor including the microcrystalline oxide semiconductor film
for a channel formation region can have a high field-effect
mobility in some cases. Further, since the microcrystalline
oxide semiconductor film has higher density of defect states
than the CAAC-OS film, the microcrystalline oxide semicon-
ductor film tends to have higher density of trap states. Accord-
ingly, a transistor using the microcrystalline oxide semicon-
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ductor film for a channel formation region has larger
variations in electrical characteristics and lower reliability
than a transistor using the CAAC-OS film for a channel
formation region. The microcrystalline oxide semiconductor
film can be formed easily as compared to the CAAC-OS film
because the microcrystalline oxide semiconductor film can be
formed even when a relatively large amount of impurities are
included; thus, depending on the purpose, the microcrystal-
line oxide semiconductor film can be favorably used in some
cases. For example, the microcrystalline oxide semiconduc-
tor film may be formed by a deposition method such as a
sputtering method using an AC power source. In this case,
since the sputtering method using an AC power source allows
a film to be formed with high uniformity over a large sub-
strate, a semiconductor device including a transistor using the
microcrystalline oxide semiconductor film for a channel for-
mation region can be manufactured with high productivity.

The oxide semiconductor layer used in the semiconductor
device may be an amorphous oxide semiconductor film, for
example. The amorphous oxide semiconductor film has dis-
ordered atomic arrangement and includes no crystalline com-
ponent. A typical amorphous oxide semiconductor film is the
one that is amorphous in the whole area. For example, in the
TEM image of the amorphous oxide semiconductor film,
crystal parts cannot be found.

When the amorphous oxide semiconductor film is sub-
jected to the analysis by an out-of-plane method with an XRD
apparatus, a peak that shows alignment does not appear. Fur-
ther, a halo pattern is observed in the electron diffraction
pattern or the nanobeam electron diffraction pattern of the
amorphous oxide semiconductor film.

The amorphous oxide semiconductor film can be formed in
some cases, for example, by introducing a high-concentration
impurity such as hydrogen. Hence, the amorphous oxide
semiconductor film is, for example, an oxide semiconductor
film containing a high-concentration impurity.

When an oxide semiconductor layer contains a high-con-
centration impurity, a defect state such as an oxygen vacancy
is formed in the oxide semiconductor layer. This means that
an amorphous oxide semiconductor film with a high-concen-
tration impurity has a high density of defect states. In addi-
tion, since the amorphous oxide semiconductor film has low
crystallinity, the density of defect states of the amorphous
oxide semiconductor film is higher than those of the CAAC-
OS film and the microcrystalline oxide semiconductor film.

Accordingly, the amorphous oxide semiconductor film has
higher carrier density than the microcrystalline oxide semi-
conductor film. Therefore, a transistor using the amorphous
oxide semiconductor film for a channel formation region
tends to be normally on, and the amorphous oxide semicon-
ductor film sometimes can preferably be used for a transistor
which needs to have normally on electrical characteristics.
The amorphous oxide semiconductor film has a high density
of defect states and thus has a high density of trap states in
some cases. Therefore, a transistor using the amorphous
oxide semiconductor for a channel formation region has
larger variation in electrical characteristics and lower reliabil-
ity than a transistor using the CAAC-OS film or the microc-
rystalline oxide semiconductor film for a channel formation
region in some cases. Note that the amorphous oxide semi-
conductor film can be formed by a deposition method that
causes a relatively large amount of impurity to be contained in
the deposited film, and thus can be easily obtained and pref-
erably used depending on the use. For example, the amor-
phous oxide semiconductor film may be formed by a deposi-
tion method such as a spin coating method, a sol-gel method,
an immersion method, a spray method, a screen printing
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method, a contact printing method, an ink-jet printing
method, a roll coating method, or a mist CVD method. Hence,
a semiconductor device including a transistor using the amor-
phous oxide semiconductor film for a channel formation
region can be manufactured with high productivity.

Note that the oxide semiconductor layer may be a mixed
film including two or more of the CAAC-OS film, the poly-
crystalline oxide semiconductor film, the microcrystalline
oxide semiconductor film, and the amorphous oxide semi-
conductor film. For example, the mixed film includes two or
more of an amorphous oxide semiconductor region, a micro-
crystalline oxide semiconductor region, a polycrystalline
oxide semiconductor region, and a CAAC-OS region, in
some cases. Further for example, the mixed film has a
stacked-layer structure of two or more of an amorphous oxide
semiconductor region, a microcrystalline oxide semiconduc-
tor region, a polycrystalline oxide semiconductor region, and
a CAAC-OS region, in some cases.

The oxide semiconductor layer used in the semiconductor
device may be a single crystal oxide semiconductor film. The
single crystal oxide semiconductor film has a low impurity
concentration and a low density of defect states (a small
number of oxygen vacancies), and thus has a low carrier
density. Therefore, a transistor using the single crystal oxide
semiconductor film for a channel formation region is unlikely
to be normally on. Further, the single crystal oxide semicon-
ductor film has a low density of defect states and thus has a
low density of trap states in some cases. Therefore, a transis-
tor using the single crystal oxide semiconductor film for a
channel formation region has a small variation in electrical
characteristics and a high reliability in some cases

The density of the oxide semiconductor layer becomes
higher as the quantity of defects in the layer is smaller or as the
crystallinity of the layer is higher. In addition, as the oxide
semiconductor layer has a lower concentration of impurities
such as hydrogen, the density of the layer is increased. For
example, the density of a single crystal oxide semiconductor
film is higher than that of a CAAC-OS film in some cases. For
example, the density ofa CAAC-OS film is higher than that of
a microcrystalline oxide semiconductor film in some cases.
For example, the density of a polycrystalline oxide semicon-
ductor film is higher than that of a microcrystalline oxide
semiconductor film in some cases. For example, the density
of'a microcrystalline oxide semiconductor film is higher than
that of an amorphous oxide semiconductor film.

Although the crystallinity ofthe oxide semiconductor layer
has been described in detail here, since the first oxide layer
and the second oxide layer provided over and under the oxide
semiconductor layer are oxide layers including the same main
components as the oxide semiconductor layer in the semicon-
ductor device of one embodiment of the present invention, the
first oxide layer and the second oxide layer may include a
CAAC-OS film, a polycrystalline oxide semiconductor film,
a microcrystalline oxide semiconductor film, an amorphous
oxide semiconductor film, or a single crystal oxide semicon-
ductor film, or a mixed film including two or more kinds of
these crystal states, as in the oxide semiconductor layer.
<Method 1 for Forming Crystalline Oxide Film>

One model of a method for forming a crystalline oxide film
by sputtering method will be described. Note that an oxide
film in the following description corresponds to the first oxide
film, the oxide semiconductor film and/or the second oxide
film in the manufacturing process of the transistor in Embodi-
ment 1.

FIGS. 6A and 6B are schematic views illustrating a crys-
talline sputtered particle 602 that is separated from a poly-
crystalline oxide target by collision of an ion 601 and depos-
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ited on a deposition surface 604 to form an oxide film 603. A
crystal grain included in the target has a cleavage plane 605
that is, for example, parallel to a-b plane of a crystal. Further,
a crystal grain included in the target has a weak bond 606
between atoms, for example. Note that the deposition surface
604 may be an amorphous surface, an amorphous insulating
surface, or an amorphous oxide surface.

When the ion 601 collides with the crystal grain included in
the target, the interatomic bonds in the cleavage plane 605 and
the bond 606 are cut, and the sputtered particle 602 is emitted.

Alternatively, when the ion 601 collides with the crystal
grain included in the target, the interatomic bond in the cleav-
age plane 605 is cut, and a crystalline particle having a shape
like a slice of the crystal grain included in the target is emitted.
Then, the particle emitted from the target is exposed to plasma
607, whereby the interatomic bond is cut in the bond 606 and
the sputtered particle 602 having crystallinity is generated.

The sputtered particle 602 has a flat plate shape, for
example. The flat plate has two parallel faces (each face is
called a flat plate face), for example. In particular, a flat plate
having two parallel hexagonal faces with an interior angle of
120° (regular hexagonal faces) is referred to as a pellet. In the
pellet-shaped sputtered particle 602, the hexagonal faces and
a-b plane are parallel to each other, for example. In addition,
in the pellet-shaped sputtered particle 602, the direction per-
pendicular to the hexagonal faces is the c-axis direction of the
crystal, for example (see FIG. 6B). Further, the hexagonal
face of the pellet-shaped sputtered particle 602 has a diameter
of'more than or equal to 1 nm and less than or equal to 100 nm,
more than or equal to 1 nm and less than or equal to 30 nm, or
more than or equal to 1 nm and less than or equal to 10 nm, for
example. In a model shown below, the shape of the sputtered
particle 602 is not limited to the flat plate shape with two
parallel hexagonal faces. The period from generation to dis-
appearance of the sputtered particle 602 is short, and thus it is
difficult to directly observe the sputtered particle 602. Here,
description is given under the assumption that the sputtered
particle 602 has a flat plate shape having two parallel hexago-
nal faces.

The ions 601 include a cation of oxygen, for example. In
the case where the ions 601 include a cation of oxygen,
plasma damage at the deposition can be reduced, for example.
Further, in the case where the ions 601 include a cation of
oxygen, a reduction in crystallinity of the target or the change
of the target into an amorphous state which might be caused
by collision of the ions 601 with the surface of the target can
be prevented, for example. Furthermore, in the case where the
ions 601 include a cation of oxygen, the crystallinity of the
target can be sometimes increased by the collision of the ions
601 with the surface of the target, for example. Note that the
ions 601 may include a cation of a rare gas (e.g., helium, neon,
argon, krypton, xenon), for example.

Here, as an example of the crystal included in the target, a
crystal structure of a homologous compound InGaO;(Zn0),,
(m is a natural number) when m=1 that is observed from a
direction parallel with the a-b plane is shown (see FIG. 7A).
Further, FIG. 7B shows an enlarged portion surrounded by a
dashed line in FIG. 7A.

For example, in the crystal included in the target, a cleav-
age plane sometimes exists between a first layer including
gallium atoms and/or zinc atoms and oxygen atoms, and a
second layer including gallium atoms and/or zinc atoms and
oxygen atoms, as shown in FIG. 7B. This is due to the short
distance between the oxygen atoms in the first layer and the
oxygen atoms in the second layer (see the surrounded por-
tions in FIG. 7B). The oxygen atoms have negative charges,
for example, and the short distance between the oxygen atoms
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weakens the bond between the layers. As shown in the draw-
ing, the cleavage plane is a plane parallel to the a-b plane, in
some cases. In the crystal structure shown in FIGS. 7A and
7B, metal atoms are arranged in a regular triangular or regular
hexagonal configuration when seen from the direction per-
pendicular to the a-b plane. Therefore, in the case of using the
target including the crystal having the crystal structure shown
in FIGS. 7A and 7B, there is a high probability that the
sputtered particle 602 has a regular hexagonal shape (pellet
shape) with an interior angle of 120°.

Itis preferable that the sputtered particle 602 be electrically
charged. Note that it is preferable that corner portions of the
sputtered particle 602 have charges with the same polarity
because interaction within the sputtered particle occurs (the
corner portions repel with each other) so that the shape of the
sputtered particle 602 maintains. For example, the sputtered
particle 602 may be positively charged. There is no particular
limitation on the timing at which the sputtered particle 602 is
positively charged. For example, the sputtered particle 602
can be positively charged by receiving a charge at the time of
collision of the ion 601. Alternatively, the sputtered particle
602 can be positively charged by being exposed to the plasma
607. Further alternatively, the sputtered particle 602 can be
positively charged when the ion 601 which is a cation of
oxygen is bonded to a side face, a top face, or a bottom face of
the sputtered particle 602.

To positively charge the corner portions of the sputtered
particle 602, a direct-current (DC) power source is preferably
used, for example. Alternatively, a radio frequency (RF)
power source or an alternating-current (AC) power source can
be used. However, in the case of using a sputtering method
with an RF power source, uniform plasma discharge to a large
area is difficult. Therefore, it is sometimes inappropriate to
employ a sputtering method using an RF power source for
deposition on a large-sized substrate. In addition, a DC power
source is preferred to an AC power source from the following
viewpoint.

In a sputtering method using a DC power source, a DC
voltage is applied between a target and a substrate as illus-
trated in FIG. 8A1, for example. Accordingly, the difference
in potential between the target and the substrate during the
DC wvoltage application is constant as shown in FIG. 8B1.
Thus, the sputtering method using a DC power source can
maintain constant plasma discharge.

In the sputtering method using a DC power source, an
electric field keeps being applied to the sputtered particle 602;
accordingly, charges of the corner portions of the sputtered
particle 602 are never lost. The sputtered particle 602 can
maintain the shape by holding charges at the corner portions
(see FIG. 8C1).

In contrast, in a sputtering method using an AC power
source, a cathode and an anode switch between adjacent
targets on the period basis (period A and period B) as illus-
trated in FIG. 8A2, for example. In period A in FIG. 8B2, for
example, a target 1 functions as a cathode and a target 2
functions as an anode. Further, in period B in FIG. 8B2, for
example, the target 1 functions as an anode and the target 2
functions as a cathode. The sum of period A and period B is
approximately 20 microseconds to 50 microseconds, for
example. Thus, in the sputtering method using an AC power
source, plasma is discharged during alternating periods A and
B.

In the sputtering method using an AC power source, there
is a moment when an electric field is not applied to the
sputtered particle 602, and thus the charges at the corner
portions might be lost. The lost of the charges at the corner
portions may lead to a change in the shapes of the sputtered
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particle 602 (see F1G. 8C2). Therefore, to maintain the shapes
of the sputtered particle 602, a DC power source is preferred
to an AC power source in some cases.

The sputtered particle 602 emitted from the target flies in
the plasma 607 like a kite, and then flutters down to the
deposition surface. Then, the sputtered particle 602 glides
over the deposition surface like a hang glider when the depo-
sition surface is at high temperatures (e.g., 150° C. or higher)
by substrate heating. At this time, the sputtered particle 602
has charges at the corner portions, and thus repulsion between
the sputtered particle 602 and another sputtered particle 602
that has already been deposited is generated, for example. In
addition, migration of the sputtered particle 602 occurs over
the high-temperature deposition surface, for example. There-
fore, the sputtered particle 602 migrates to an area where no
sputtered particle 602 is deposited on an outer surface and
bonds to the side of another sputtered particle 602, thereby
being deposited. In this manner, the sputtered particles 602
are spread with flat plate faces being parallel with the depo-
sition surface. The oxide film 603 formed in this manner has,
for example, crystals with c-axes aligned in the direction
perpendicular to the deposition surface (c-axis aligned crys-
tal, CAAC). In addition, the oxide film 603 is, for example, an
oxide film having a uniform thickness and aligned orienta-
tions of crystals.

The oxide film formed in this manner has a high crystal-
linity even over an amorphous surface, an amorphous insu-
lating surface, an amorphous oxide surface, or the like.

Next, a formation method of an oxide film when the tem-
perature of a deposition surface is low by no substrate heating
or the like is described with reference to FIG. 9 (for example,
the temperature is lower than 130° C., lower than 100° C.,
lower than 70° C. or at room temperatures (20° C. to 25° C.)).

In FIG. 9, when the deposition surface has a low tempera-
ture, the sputtered particle 602 flutters down to the deposition
surface randomly. The sputtered particle 602 does not migrate
and thus is deposited at random in areas including an area
where another sputtered particle 602 has already been depos-
ited, for example. In other words, the thickness of the depos-
ited oxide film is not uniform and the orientation of crystals is
irregular in some cases. The oxide film deposited in this
manner has a crystal part (nanocrystal) because the crystal-
linity of the sputtered particle 602 has been maintained to
some degree.

In addition, for example, when the pressure during depo-
sition is high, the sputtered particle 602 that is flying collides
with another particle (such as atom, molecule, ion, radical, or
the like) of argon or the like in higher frequency. The crystal
structure of the sputtered particle 602 may be broken when
the sputtered particle 602 that is flying collides with another
particle (the sputtered particle 602 is re-sputtered). For
example, when the sputtered particle 602 collides with
another particle, the flat-plate shape of the sputtered particle
602 cannot be maintained and is broken into pieces (separated
into atoms) in some cases. At this time, each atom separated
from the sputtered particle 602 is deposited on the deposition
surface so that an amorphous oxide film is formed in some
cases.

In addition, when a process in which a liquid is used or a
process in which a solid target is vaporized is employed
instead of a sputtering method using a target having a poly-
crystalline oxide, separated atoms fly and are deposited on a
deposition surface and thus an amorphous oxide film is
formed in some cases. In addition, for example, in a laser
ablation method, atoms, molecules, ions, radicals, clusters, or
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the like released from a target fly and are deposited on the
deposition surface, so that an amorphous oxide film is formed
in some cases.

<Method 2 for Forming Crystalline Oxide Film>

In the case of forming an oxide film including CAAC, the
oxide film may be formed by the following method. In the
following description of an example, the oxide film including
CAAC is a CAAC-OS film.

First, a first oxide semiconductor film is formed to a thick-
ness of greater than or equal to 1 nm and less than 10 nm. The
first oxide semiconductor film is formed by a sputtering
method. Specifically, the substrate temperature is set at higher
than or equal to 100° C. and lower than or equal to 500° C.,
preferably higher than or equal to 150° C. and lower than or
equal to 450° C., and the proportion of oxygen in a deposition
gas is set at higher than or equal to 30 vol %, preferably 100
vol %.

Next, heat treatment is performed so that the first oxide
semiconductor film becomes a first CAAC-OS film with high
crystallinity. The temperature of the heat treatment is higher
than or equal to 350° C. and lower than or equal to 740° C.,
preferably higher than or equal to 450° C. and lower than or
equal to 650° C. The heat treatment time is longer than or
equal to 1 minute and shorter than or equal to 24 hours,
preferably longer than or equal to 6 minutes and shorter than
or equal to 4 hours. The heat treatment may be performed in
an inert atmosphere or an oxidation atmosphere. It is prefer-
ableto perform heat treatment in an inert atmosphere and then
perform heat treatment in an oxidizing atmosphere. The heat
treatment in an inert atmosphere can reduce the concentration
of impurities in the first oxide semiconductor film in a short
time. At the same time, the heat treatment in an inert atmo-
sphere may generate oxygen vacancies in the first oxide semi-
conductor film. In such a case, the heat treatment in an oxi-
dizing atmosphere can reduce the oxygen vacancies. Note
that the heat treatment may be performed under a reduced
pressure, such as 1000 Pa or lower, 100 Pa or lower, 10 Pa or
lower, or 1 Pa or lower. The heat treatment under the reduced
pressure can reduce the concentration of impurities in the first
oxide semiconductor film in a shorter time.

By the heat treatment, the first oxide semiconductor film
can be crystallized easier in the case where the thickness is
greater than or equal to 1 nm and less than 10 nm than in the
case where the thickness is greater than or equal to 10 nm.

Next, a second oxide semiconductor film having the same
composition as the first oxide semiconductor film is formed to
a thickness of greater than or equal to 10 nm and less than or
equal to 50 nm. The second oxide semiconductor film is
formed by a sputtering method. Specifically, the substrate
temperature is set at higher than or equal to 100° C. and lower
than or equal to 500° C., preferably higher than or equal to
150° C. and lower than or equal to 450° C., and the proportion
of oxygen in a deposition gas is set at higher than or equal to
30 vol %, preferably 100 vol %.

Next, heat treatment is performed so that solid phase
growth of the second oxide semiconductor film is performed
using the first CAAC-OS film, thereby forming a second
CAAC-OS film with high crystallinity. The temperature of
the heat treatment is higher than or equal to 350° C. and lower
than or equal to 740° C., preferably higher than or equal to
450° C. and lower than or equal to 650° C. The heat treatment
time is longer than or equal to 1 minute and shorter than or
equal to 24 hours, preferably longer than or equal to 6 minutes
and shorter than or equal to 4 hours. The heat treatment may
be performed in an inert atmosphere or an oxidizing atmo-
sphere. It is preferable to perform heat treatment in an inert
atmosphere and then perform heat treatment in an oxidizing
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atmosphere. The heat treatment in an inert atmosphere can
reduce the concentration of impurities in the second oxide
semiconductor film in a short time. At the same time, the heat
treatment in an inert atmosphere may generate oxygen vacan-
cies in the second oxide semiconductor film. In such a case,
the heat treatment in an oxidizing atmosphere can reduce the
oxygen vacancies. Note that the heat treatment may be per-
formed under a reduced pressure, such as 1000 Pa or lower,
100 Pa or lower, 10 Pa or lower, or 1 Pa or lower. The heat
treatment under the reduced pressure can reduce the concen-
tration of impurities in the second oxide semiconductor film
in a shorter time.

In the above-described manner, a CAAC-OS film with a
total thickness of greater than or equal to 10 nm can be
formed.

An oxide layer or an oxide semiconductor layer in any of
the above crystal states may be used for the first oxide layer,
the oxide semiconductor layer, and the second oxide layer in
the stacked structure including oxide layers and an oxide
semiconductor layer and included in the transistor of one
embodiment of the present invention. However, it is prefer-
able to use a CAAC-OS film as the oxide semiconductor layer
functioning as a channel because defect states due to oxygen
vacancies in the oxide semiconductor layer can be reduced.

In the case of using the CAAC-OS film as the oxide semi-
conductor layer, the second oxide layer provided over and in
contact with the oxide semiconductor layer tends to have a
crystal structure that is grown using a crystal of the oxide
semiconductor layer as a seed crystal. Accordingly, even
when the first oxide layer and the second oxide layer are
formed using the same material and the same manufacturing
method, the second oxide layer might have a higher crystal-
linity than the first oxide layer. Further, a region in contact
with the oxide semiconductor layer and a region that is not in
contact with the oxide semiconductor layer in the second
oxide layer might have different crystallinities.

The structures, the methods, and the like described in this
embodiment can be combined as appropriate with any of the
structures, the methods, and the like described in the other
embodiments.

Embodiment 3

FIG. 10A illustrates an example of a circuit diagram of a
NOR circuit, which is a logic circuit, as an example of the
semiconductor device described in one embodiment of the
present invention. FIG. 10B is a circuit diagram of a NAND
circuit.

In the NOR circuit in FIG. 10A, p-channel transistors 801
and 802 are transistors in each of which a channel formation
region is formed using a semiconductor material (e.g., sili-
con) other than an oxide semiconductor, and n-channel tran-
sistors 803 and 804 each include an oxide stack including an
oxide semiconductor layer and each have a structure similar
to that of the transistor described in Embodiment 1.

A transistor including a semiconductor material such as
silicon can easily operate at high speed. On the other hand, a
transistor including an oxide semiconductor enables charge
to be held for a long time owing to its characteristics.

To miniaturize the logic circuit, it is preferable that the
n-channel transistors 803 and 804 be stacked over the p-chan-
nel transistors 801 and 802. For example, the transistors 801
and 802 can be formed using a single crystal silicon substrate,
and the transistors 803 and 804 can be formed over the tran-
sistors 801 and 802 with an insulating layer provided ther-
ebetween.
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Inthe NAND circuitin FIG. 10B, p-channel transistors 811
and 814 are transistors in each of which a channel formation
region is formed using a semiconductor material (e.g., sili-
con) other than an oxide semiconductor, and n-channel tran-
sistors 812 and 813 each include an oxide stack including an
oxide semiconductor and each have a structure similar to that
of the transistor described in Embodiment 1.

As in the NOR circuit shown in FIG. 10A, to miniaturize
the logic circuit, it is preferable that the n-channel transistors
812 and 813 be stacked over the p-channel transistors 811 and
814.

By applying a transistor including an oxide semiconductor
for a channel formation region and having extremely small
off-state current to the semiconductor device in this embodi-
ment, power consumption of the semiconductor device can be
sufficiently reduced.

A semiconductor device which is miniaturized, is highly
integrated, and has stable and excellent electrical character-
istics by stacking semiconductor elements including different
semiconductor materials and a method for manufacturing the
semiconductor device can be provided.

In addition, by employing the structure of the transistor
described in Embodiment 1, a NOR circuit and a NAND
circuit with high reliability and stable characteristics can be
provided.

Note that the NOR circuit and the NAND circuit including
the transistor described in Embodiment 1 are described as
examples in this embodiment; however, the present invention
is not particularly limited to those circuits, and an AND
circuit, an OR circuit, or the like can be formed.

The structures, the methods, and the like described in this
embodiment can be combined as appropriate with any of the
structures, the methods, and the like described in the other
embodiments.

Embodiment 4

In this embodiment, an example of a semiconductor device
(memory device) which includes the transistor described in
Embodiment 1, which can hold stored data even when not
powered, and which has an unlimited number of write cycles
will be described with reference to drawings.

FIG. 11A is a circuit diagram illustrating the semiconduc-
tor device of this embodiment.

A transistor including a semiconductor material (e.g., sili-
con) other than an oxide semiconductor can be applied to a
transistor 260 illustrated in FIG. 11A and thus the transistor
260 can easily operate at high speed. Further, a structure
similar to that of the transistor described in Embodiment 1,
which includes an oxide stack including an oxide semicon-
ductor, can be applied to a transistor 262 to enable charge to
be held for a long time owing to its characteristics.

Although all the transistors are n-channel transistors here,
p-channel transistors can be used for the semiconductor
device described in this embodiment.

In FIG. 11A, a first wiring (1st Line) is electrically con-
nected to a source electrode layer of the transistor 260, and a
second wiring (2nd Line) is electrically connected to a drain
electrode layer of the transistor 260. A third wiring (3rd Line)
is electrically connected to one of a source electrode layer and
a drain electrode layer of the transistor 262, and a fourth
wiring (4th Line) is electrically connected to a gate electrode
layer of the transistor 262. A gate electrode layer of the
transistor 260 and the other of the source electrode layer and
the drain electrode layer of the transistor 262 are electrically
connected to one electrode of a capacitor 264. A fifth wiring
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(5th Line) and the other electrode of the capacitor 264 are
electrically connected to each other.

The semiconductor device in FIG. 11 A can write, hold, and
read data as described below, utilizing the potential holding
characteristics of the transistor 260 by which the potential of
the gate electrode layer can be held.

Writing and holding of data will be described. First, the
potential of the fourth wiring is set to a potential at which the
transistor 262 is on, so that the transistor 262 is turned on.
Thus, the potential of the third wiring is applied to the gate
electrode layer of the transistor 260 and the capacitor 264. In
other words, a predetermined charge is supplied to the gate
electrode layer of the transistor 260 (writing). Here, one of
two kinds of charges providing different potential levels
(hereinafter referred to as a low-level charge and a high-level
charge) is supplied. After that, the potential of the fourth
wiring is set to a potential at which the transistor 262 is off, so
that the transistor 262 is turned off. Thus, the charge given to
the gate electrode layer of the transistor 260 is held (holding).

Since the off-state current of the transistor 262 is extremely
low, the charge of the gate electrode layer of the transistor 260
is held for a long time.

Next, reading of data is described. By supplying an appro-
priate potential (reading potential) to the fifth wiring while
supplying a predetermined potential (constant potential) to
the first wiring, the potential of the second wiring varies
depending on the amount of charge held in the gate electrode
layer of the transistor 260. This is because in general, when
the transistor 260 is an n-channel transistor, an apparent
threshold voltage V,;, ,,in the case where a High level charge
is given to the gate electrode layer of the transistor 260 is
lower than an apparent threshold voltage V,, ; in the case
where a Low level charge is given to the gate electrode layer
of the transistor 260. Here, an apparent threshold voltage
refers to the potential of the fifth wiring, which is needed to
turn on the transistor 260. Thus, the potential of the fifth
wiring is set to a potential V, which is between V,;, , and
V.1, whereby charge supplied to the gate electrode layer of
the transistor 260 can be determined. For example, in the case
where High level charge is given in writing, when the poten-
tial of the fifth wiring is set to V, (>V;, ), the transistor 260
is turned on. In the case where Low level charge is given in
writing, even when the potential of the fifth wiring is set to V,
(<V,,_r), the transistor 260 remains in an off state. Therefore,
the stored data can be read by the potential of the second
wiring.

Note that in the case where memory cells are arrayed to be
used, only data of desired memory cells needs to be read. In
the case where such reading is not performed, a potential at
which the transistor 260 is off regardless of the state of the
gate electrode layer, that is, a potential smaller than V,, .,
may be supplied to the fifth wiring. Alternatively, a potential
at which the transistor 260 is on regardless of the state of the
gate electrode layer, that is, a potential larger than'V,, ,, may
be supplied to the fifth wiring.

FIG. 11B illustrates another example of one embodiment
of a structure of a memory device. FIG. 11B illustrates an
example of a circuit configuration of a semiconductor device,
and FIG. 11C is a schematic diagram illustrating an example
of a semiconductor device. First, the semiconductor device
illustrated in FIG. 11B will be described, and then the semi-
conductor device illustrated in FIG. 11C will be described.

In the semiconductor device illustrated in FIG. 11B, a bit
line BL is electrically connected to the source electrode layer
or the drain electrode layer of the transistor 262, a word line
WL is electrically connected to the gate electrode layer of the
transistor 262, and the source electrode layer or the drain
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electrode layer of the transistor 262 is electrically connected
to a first terminal of a capacitor 254.

Here, the transistor 262 including an oxide semiconductor
has extremely low off-state current. For that reason, a poten-
tial of the first terminal of the capacitor 254 (or a charge
accumulated in the capacitor 254) can be held for an
extremely long time by turning off the transistor 262.

Next, writing and holding of data in the semiconductor
device (a memory cell 250) illustrated in FIG. 11B will be
described.

First, the potential of the word line WL is set to a potential
at which the transistor 262 is on, so that the transistor 262 is
turned on. Accordingly, the potential of the bit line BL is
supplied to the first terminal of the capacitor 254 (writing).
After that, the potential of the word line WL is set to a
potential at which the transistor 262 is off, so that the transis-
tor 262 is turned off. Thus, the potential of the first terminal of
the capacitor 254 is held (holding).

Because the off-state current of the transistor 262 is
extremely small, the potential of the first terminal of the
capacitor 254 (or the charge accumulated in the capacitor) can
be held for a long time.

Next, reading of data will be described. When the transistor
262 is turned on, the bit line BL. which is in a floating state and
the capacitor 254 are electrically connected to each other, and
the charge is redistributed between the bit line BL. and the
capacitor 254. As a result, the potential of the bit line BL is
changed. The amount of change in potential of the bit line BLL
varies depending on the potential of the first terminal of the
capacitor 254 (or the charge accumulated in the capacitor
254).

For example, the potential of the bit line BL after charge
redistribution is expressed as (CzxV z3o+CxV)/(Cz+C), where
V is the potential of the first terminal of the capacitor 254, C
is the capacitance of the capacitor 254, Cj is the capacitance
of the bit line BL (hereinafter also referred to as bit line
capacitance), and Vg, is the potential of the bit line BL. before
the charge redistribution. Therefore, it can be found that
assuming that the memory cell 250 is in either of two states in
which the potentials of the first terminal of the capacitor 254
are V, and V,, (V,>V,), the potential of the bit line BL in the
case of holding the potential V,; (=(CzxV z3o+CxV | }/(C5+C))
is higher than the potential of the bit line BL in the case of
holding the potential V, (=(CzxV go+CxV)/(Cz+C)).

Then, by comparing the potential of the bit line BL. with a
predetermined potential, data can be read.

As described above, the semiconductor device illustrated
in FIG. 11B can hold charge that is accumulated in the capaci-
tor 254 for a long time because the amount of the off-state
current of the transistor 262 is extremely small. In other
words, power consumption can be adequately reduced
because refresh operation becomes unnecessary or the fre-
quency of refresh operation can be extremely low. Moreover,
stored data can be stored for a long time even when power is
not supplied.

Next, the semiconductor device illustrated in FIG. 11C will
be described.

The semiconductor device illustrated in FIG. 11C includes
amemory cell array 251 (memory cell arrays 251a and 2515)
including a plurality of memory cells 250 illustrated in FIG.
11B as memory circuits in the upper portion, and a peripheral
circuit 253 in the lower portion which is necessary for oper-
ating the memory cell array 251. Note that the peripheral
circuit 253 is electrically connected to the memory cell array
251.

In the structure illustrated in FIG. 11C, the peripheral cir-
cuit 253 can be provided under the memory cell array 251 (the
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memory cell arrays 251a and 2515), which leads to smaller
the semiconductor device size.

It is preferable that a semiconductor material of a transistor
provided in the peripheral circuit 253 be different from that of
the transistor 262. For example, silicon, germanium, silicon
germanium, silicon carbide, gallium arsenide, or the like can
be used, and a single crystal semiconductor is preferably
used. Alternatively, an organic semiconductor material or the
like may be used. A transistor including such a semiconductor
material can operate at sufficiently high speed. Therefore, the
transistor can favorably realize a variety of circuits (e.g., a
logic circuit or a driver circuit) which needs to operate at high
speed.

Note that FIG. 11C illustrates, as an example, the semicon-
ductor device in which two memory cell arrays 251 (the
memory cell arrays 251a and 2515) are stacked; however, the
number of memory cell arrays which are stacked is not lim-
ited thereto. Three or more memory cells arrays may be
stacked.

When a transistor including the oxide semiconductor in a
channel formation region is used as the transistor 262, stored
data can be held for a long time. In other words, power
consumption can be sufficiently reduced because a semicon-
ductor memory device in which refresh operation is unnec-
essary or the frequency of refresh operation is extremely low
can be provided.

Further, a transistor described in Embodiment 1, which
includes an oxide stack including an oxide semiconductor
layer where a channel formation region is formed apart from
the surface of the oxide stack is used in the semiconductor
device of this embodiment. Thus, a highly reliable semicon-
ductor device having stable electrical characteristics can be
provided.

Embodiment 5

In this embodiment, application examples of the semicon-
ductor device described in any of the above embodiments to
electronic devices such as cellular phones, smartphones, or
e-book readers will be described with reference to FIG. 12,
FIG. 13, FIG. 14, and FIGS. 15A and 15B.

FIG. 12 is a block diagram of an electronic device. An
electronic device illustrated in FIG. 12 includes an RF circuit
901, an analog baseband circuit 902, a digital baseband cir-
cuit 903, a battery 904, a power supply circuit 905, an appli-
cation processor 906, a flash memory 910, a display control-
ler 911, a memory circuit 912, a display 913, a touch sensor
919, an audio circuit 917, a keyboard 918, and the like. The
display 913 includes a display portion 914, a source driver
915, and a gate driver 916. The application processor 906
includes a CPU 907, a DSP 908, and an interface (IF) 909. In
general, the memory circuit 912 includes an SRAM or a
DRAM; by employing any of the semiconductor devices
described in the above embodiments for the memory circuit
912, writing and reading of data can be performed at high
speed, data can be held for a long time, and power consump-
tion can be sufficiently reduced.

FIG. 13 illustrates an example in which any of the semi-
conductor devices described in the above embodiments is
used for a memory circuit 950 in a display. The memory
circuit 950 illustrated in FIG. 13 includes a memory 952, a
memory 953, a switch 954, a switch 955, and a memory
controller 951. Further, the memory circuit is connected to a
display controller 956 which reads and controls image data
input through a signal line (input image data) and data stored
in the memories 952 and 953 (stored image data), and is also
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connected to a display 957 which displays an image based on
a signal input from the display controller 956.

First, image data (input image data A) is formed by an
application processor (not illustrated). The input image data
A is stored in the memory 952 though the switch 954. The
image data (stored image data A) stored in the memory 952 is
transmitted to the display 957 through the switch 955 and the
display controller 956, and is displayed on the display 957.

Inthe case where the input image data A is not changed, the
stored image data A is read from the memory 952 through the
switch 955 by the display controller 956 normally at a fre-
quency of approximately 30 Hz to 60 Hz.

Next, for example, when a user performs an operation to
rewrite a screen (i.e., when the input image data A is
changed), the application processor produces new image data
(input image data B). The input image data B is stored in the
memory 953 through the switch 954. Also during this time,
the stored image data A is regularly read from the memory
952 through the switch 955. After the completion of storing
the new image data (stored image data B) in the memory 953,
from the next frame for the display 957, the stored image data
B starts to be read, is transmitted to the display 957 through
the switch 955 and the display controller 956, and is displayed
on the display 957. This reading operation continues until
another new image data is stored in the memory 952.

By alternately writing and reading image data to and from
the memory 952 and the memory 953 as described above,
images are displayed on the display 957. Note that the
memory 952 and the memory 953 are not necessarily separate
memories, and a single memory may be divided and used. By
employing any of the semiconductor devices described in the
above embodiments for the memory 952 and the memory
953, data can be written and read at high speed and held for a
long time, and power consumption can be sufficiently
reduced. Further, a semiconductor device which is hardly
affected by entry of water, moisture, and the like from the
outside and has high reliability can be provided.

FIG. 14 is a block diagram of an electronic book. The
electronic book in FIG. 14 includes a battery 1001, a power
supply circuit 1002, a microprocessor 1003, a flash memory
1004, an audio circuit 1005, a keyboard 1006, a memory
circuit 1007, atouch panel 1008, a display 1009, and a display
controller 1010.

Here, the semiconductor device described in any of the
above embodiments can be used for the memory circuit 1007
in FIG. 14. The memory circuit 1007 has a function of tem-
porarily storing the contents of a book. For example, when a
user uses a highlight function, the memory circuit 1007 stores
and holds data of a portion specified by the user. Note that the
highlight function is a function of marking a specific portion
while reading an e-book, e.g. by changing the display color,
underlining, making characters bold, changing the font of
characters, or the like, to make a difference between the
specific portion and the other portions. In order to store the
data for a short time, the data may be stored in the memory
circuit 1007. In order to store the data for a long time, the data
stored in the memory circuit 1007 may be copied to the flash
memory 1004. In such a case also, by employing the semi-
conductor device described in any of the above embodiments,
data can be written and read at high speed and held for a long
time, and power consumption can be sufficiently reduced.
Further, a semiconductor device which is hardly affected by
entry of water, moisture, and the like from the outside and
which has high reliability can be provided.

FIGS. 15A and 15B illustrate a specific example of an
electronic device. FIGS. 15A and 15B illustrate a foldable
tablet terminal. The tablet terminal is opened in FIG. 15A.
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Thetablet terminal includes a housing 9630, a display portion
9631a, a display portion 96315, a display mode switch 9034,
a power switch 9035, a power saver switch 9036, a clasp
9033, and an operation switch 9038.

The semiconductor device described in any of the above
embodiments can be used for the display portion 96314 and
the display portion 96315, so that the tablet terminal can have
high reliability. In addition, the memory device described in
any of the above embodiments may be applied to the semi-
conductor device of this embodiment.

Part of the display portion 9631a can be a touch panel
region 9632a and data can be input when a displayed opera-
tionkey 9638 is touched. Although a structure in which a half
region in the display portion 9631a has only a display func-
tion and the other half region also has a touch panel function
is shown as an example, the display portion 9631a is not
limited to this structure. For example, the display portion
9631a can display keyboard buttons in the whole region to be
a touch panel, and the display portion 96315 can be used as a
display screen.

As in the display portion 96314, part of the display portion
96315 can be a touch panel region 96325. When a keyboard
display switching button 9639 displayed on the touch panel is
touched with a finger, a stylus, or the like, a keyboard can be
displayed on the display portion 96315.

Touch input can be performed in the touch panel region
9632a and the touch panel region 96325 at the same time.

The display mode switch 9034 can switch the display
between portrait mode, landscape mode, and the like, and
between monochrome display and color display, for example.
The power saver switch 9036 can control display luminance
in accordance with the amount of external light in use of the
tablet terminal detected by an optical sensor incorporated in
the tablet terminal In addition to the optical sensor, another
detection device including a sensor for detecting inclination,
such as a gyroscope or an acceleration sensor, may be incor-
porated in the tablet terminal.

Although the display portion 9631a and the display portion
96315 have the same display area in FIG. 15A, one embodi-
ment of the present invention is not limited to this structure.
The display portion 96314 and the display portion 96315 may
have different areas or different display quality. For example,
one of them may be a display panel that can display higher-
definition images than the other.

The tablet terminal is closed in FIG. 15B. The tablet ter-
minal includes the housing 9630, a solar cell 9633, a charge
and discharge control circuit 9634, a battery 9635, and a
DCDC converter 9636. In FIG. 15B, a structure including the
battery 9635 and the DCDC converter 9636 is illustrated as an
example of the charge and discharge control circuit 9634.

Since the tablet terminal is foldable, the housing 9630 can
be closed when the tablet terminal is not used. As a result, the
display portion 9631a and the display portion 96315 can be
protected; thus, a tablet terminal which has excellent durabil-
ity and excellent reliability in terms of long-term use can be
provided.

In addition, the tablet terminal illustrated in FIGS. 15A and
15B can have a function of displaying a variety of kinds of
data (e.g., a still image, a moving image, and a text image), a
function of displaying a calendar, a date, the time, or the like
on the display portion, a touch-input function of operating or
editing the data displayed on the display portion by touch
input, a function of controlling processing by a variety of
kinds of software (programs), and the like.
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The structures, the methods, and the like described in this
embodiment can be combined as appropriate with any of the
structures, the methods, and the like described in the other
embodiments.

Example 1

In Example 1, transistors according to one embodiment of
the present invention were fabricated, and initial characteris-
tics and the long-term reliability of the transistors were evalu-
ated. The evaluation results will be described.

First, the fabrication method of the transistors used in this
example will be described below. In this example, transistors
having a structure similar to that of the transistor 200 illus-
trated in FIGS. 1A to 1C were formed.

In this example, a silicon wafer was used as the substrate.
First of all, a 100-nm-thick thermal oxide film was formed by
performing heat treatment on the silicon wafer in an oxidizing
atmosphere to which hydrogen chloride was added. The heat
treatment temperature was set at 950° C.

Then, as a base insulating layer, a 300-nm-thick silicon
oxynitride film was formed over the thermal oxide film by a
CVD method.

Further, a surface of the silicon oxynitride film was pol-
ished to be flat by chemical mechanical polishing (CMP)
treatment. The CMP treatment conditions were set as follows:
apolyurethane-based polishing cloth was used as a polishing
pad for CMP; a 5-fold dilution of NP8020 (produced by Nitta
Haas Incorporated) was used as slurry; the slurry temperature
was room temperature; the polishing pressure was 0.01 MPa;
the number of spindle rotations on the side where the sub-
strate was fixed was 60 rpm; and the number of rotations of a
table where the polishing cloth was fixed was 56 rpm. The
CMP treatment time was 2 minutes. The polishing amount of
the silicon oxynitride film was approximately 12 nm.

Next, heat treatment was performed at 450° C. in areduced
(vacuum) atmosphere for 1 hour.

After the heat treatment, oxygen ions were implanted to the
base insulating layer by an ion implantation method. The
oxygen ion implantation conditions were set as follows:
acceleration voltage, 60 kV; dosage, 2.0x10'¢ ions/cm?; tilt
angle, 7°; and twist angle, 72°.

Next, as the first oxide film, a 20-nm-thick In—Ga—Zn
oxide film was formed over the base insulating layer by a
sputtering method using an oxide target with an atomic ratio
of In:Ga:Zn=1:3:2. The deposition conditions were set as
follows: an atmosphere of argon and oxygen (argon:oxy-
gen=30sccm:15 sccm) was used; the pressure was 0.4 Pa; the
power was 0.5 kW (DC); the substrate temperature was 200°
C.; and the distance between the substrate and the target was
60 mm.

After the first oxide film was formed, an oxide semicon-
ductor film was successively formed without exposure to the
air. As the oxide semiconductor film, a 15-nm-thick
In—Ga—7n oxide film was deposited by a sputtering method
using an oxide target with In:Ga:Zn=1:1:1 in atomic ratio.
The deposition conditions were set as follows: an atmosphere
of'argon and oxygen (argon:oxygen=30 sccm:15 sccm) was
used; the pressure was 0.4 Pa; the power was 0.5 kW (DC);
the substrate temperature was 300° C.; and the distance
between the substrate and the target was 60 mm.

Next, heat treatment was performed at 450° C. for 1 hour in
a nitrogen atmosphere, and then heat treatment was per-
formed at 450° C. for 1 hour in an oxygen atmosphere in the
same treatment chamber.

The first oxide film and the oxide semiconductor film
which have been subjected to the heat treatment were pro-
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cessed using a mask that was formed by photolithography, so
that an island-shaped first oxide layer and an island-shaped
oxide semiconductor layer were formed. For this processing,
an inductively coupled plasma (ICP) etching method was
employed. The etching conditions were set as follows: a
mixed gas of boron trichloride and chlorine (BCl;:C1,=60
sccm:20 scem) was used as etching gas; the power was 450
W; the bias power was 100 W; and the pressure was 1.9 Pa.

As a conductive film for forming a source electrode layer
and a drain electrode layer, a 100-nm-thick tungsten film was
formed over the island-shaped oxide semiconductor layer by
a sputtering method. The deposition conditions of the tung-
sten film were set as follows: an argon atmosphere (flow rate:
80 sccm) was used; the pressure was 0.8 Pa; the power was 1
kW (DC); the substrate temperature was 200° C.; and the
distance between the substrate and the target was 60 mm.

The tungsten film was selectively etched to form the source
electrode layer and the drain electrode layer through a first
etching step, a recession step of a resist mask by ashing, and
a second etching step in succession, so that the tungsten film
had a step-like end portion.

The conditions of the first etching step of the tungsten film
were set as follows: a mixed gas of chlorine, tetrafluo-
romethane, and oxygen (Cl,:CF,:0,=45 scem:55 scem:55
sccm) was used as etching gas; the power was 3000 W; the
bias power was 110 W; the pressure was 0.67 Pa; the substrate
temperature was 40° C.; and the etching time was 13 seconds.
Next, the resist mask was made to recede by etching under the
following conditions: the flow rate of oxygen as an etching
gas was 100 sccm, the power was 2000 W, the bias power was
0 W, the pressure was 3.00 Pa, the substrate temperature was
40° C., and the etching time was 15 seconds. Then, using this
receding resist mask, the tungsten film was subjected to the
second etching step under the following conditions: a mixed
gas of chlorine, tetrafluoromethane, and oxygen (Cl,:CF,:
0,=45 sccm:55 sccm:55 scem) was used as etching gas; the
power was 3000 W; the bias power was 110 W; the pressure
was 0.67 Pa; the substrate temperature was 40° C.; and the
etching time was 12 seconds. In this manner, the source
electrode layer and the drain electrode layer were formed.

As a second oxide film, a 5-nm-thick In—Ga—Zn oxide
film was formed over the source electrode layer and the drain
electrode layer by a sputtering method using an oxide target
with In:Ga:Zn=1:3:2 in atomic ratio. The deposition condi-
tions were set as follows: an atmosphere of argon and oxygen
(argon:oxygen=30 sccm: 15 sccm) was used; the pressure was
0.4 Pa; the power was 0.5 kW (DC); the substrate temperature
was 200° C.; and the distance between the substrate and the
target was 60 mm.

Next, as a gate insulating film, a 20-nm-thick silicon oxyni-
tride film was formed over the second oxide film by a CVD
method at a film deposition temperature of 350° C. and a
pressure of 200 Pa.

A 30-nm-thick tantalum nitride film and a 135-nm-thick
tungsten film were stacked over the gate insulating film by a
sputtering method, and then etched to form a gate electrode
layer. The deposition conditions of the tantalum nitride film
were set as follows: an atmosphere of argon and nitrogen
(Ar:N,=50scem: 10 sccm) was used; the pressure was 0.6 Pa;
the power was 1 kW (DC); and the distance between the
substrate and the target was 60 mm. The deposition condi-
tions of the tungsten film were set as follows: an argon atmo-
sphere (flow rate: 100 sccm) was used; the pressure was 2.0
Pa; the power was 4 kW (DC); the distance between the
substrate and the target was 60 mm; and the flow rate of
heated argon gas that was for heating the substrate was 10
sccm.
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The above etching of the tantalum nitride film and the
tungsten film was performed as follows. The tungsten film
was etched under first conditions where a mixed gas of chlo-
rine, tetrafluoromethane, and oxygen (Cl,:CF,:0,=45 sccm:
55 scem:55 scem) was used as etching gas; the power was 3
kW; the bias power was 110 W; the pressure was 0.67 Pa; and
the substrate temperature was 40° C. Then, the tantalum
nitride film was etched under second conditions where chlo-
rine gas (C1,=100 sccm) was used as etching gas; the power
was 2 kW; and the bias power was 50 W.

After removing the resist mask used for the processing of
the gate electrode layer, the gate insulating film and the sec-
ond oxide film were etched using the gate electrode layer as a
mask; thus, the gate insulating layer and the second oxide
layer were formed. The etching conditions were set as fol-
lows: boron trichloride (flow rate: 80 sccm) was used as
etching gas; the power was 450 W; the bias power was 100 W;
the pressure was 1.0 Pa; and the substrate temperature was
70° C.

Next, as a protective insulating layer, a 70-nm-thick alu-
minum oxide film was formed over the gate electrode layer so
asto cover side surfaces of the second oxide layer and the gate
insulating layer. The aluminum oxide film was deposited by a
sputtering method using an aluminum oxide target, and the
deposition conditions were set as follows: an atmosphere of
argon and oxygen (argon:oxygen=25 sccm:25 sccm) was
used; the pressure was 0.4 Pa; the power was 2.5 kW (RF); the
substrate temperature was 250° C.; and the distance between
the substrate and the target was 60 mm.

As an inorganic insulating layer, a 300-nm-thick silicon
oxynitride film was deposited over the protective insulating
layer by a CVD method.

Then, the substrate that was provided with the protective
insulating layer and the insulating layer over the protective
insulating layer (this stacked structure is hereinafter also
referred to as an interlayer insulating layer) was subjected to
heat treatment. In this example, heat treatment was performed
under three different conditions after the formation of the
interlayer insulating layer, and thus three kinds of samples
were fabricated.

In the heat treatment condition 1, heat treatment was per-
formed at 350° C. in an oxygen atmosphere for 1 hour. In the
heat treatment condition 2, heat treatment was performed at
400° C. in an oxygen atmosphere for 1 hour. The samples of
the heat treatment condition 3 were not subjected to heat
treatment for comparison.

Then, in the samples of each kind, contact holes reaching
the source electrode layer and the drain electrode layer were
formed in the insulating layer and the protective insulating
layer. The contact holes were formed as follows. First, the
silicon oxynitride film was selectively removed in such a
manner that etching was performed for approximately 1
minute using a mixed gas of trifluoromethane and helium
(CHF;:He=7.5 sccm:142.5 sccm) as etching gas, at a power
of'475 W, a bias power of 300 W, a pressure of 5.5 Pa, and a
substrate temperature of 70° C.; and then, the bias power was
changed to 150 W and etching was performed for approxi-
mately 40 seconds. Then, the aluminum oxide film was selec-
tively etched using boron trichloride (BCl;; 80 sccm) as etch-
ing gas, at apower of450 W, a bias power of 100 W, a pressure
0f'1.9 Pa, and a substrate temperature of 70° C.

In the contact holes and over the insulating layer, a con-
ductive film for forming wiring layers was formed by a sput-
tering method. The conductive film had a structure in which a
50-nm-thick titanium film, a 200-nm-thick aluminum film,
and a 50-nm-thick titanium film were stacked.
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The deposition conditions of the titanium film were set as
follows: an argon atmosphere (flow rate: 20 sccm) was used;
the pressure was 0.1 Pa; the power was 12 kW (DC); the
substrate temperature was room temperature; and the dis-
tance between the substrate and the target was 400 mm.
Further, the deposition conditions of the aluminum film were
set as follows: an argon atmosphere (flow rate: 50 sccm) was
used; the pressure was 0.4 Pa; the power was 1 kW (DC); the
substrate temperature was room temperature; and the dis-
tance between the substrate and the target was 60 mm.

Then, the conductive film having the stacked structure was
selectively etched to form the wiring layers that are electri-
cally connected to the source electrode layer or the drain
electrode layer. The processing to the wiring layers was per-
formed as follows. First, first etching was performed for
approximately 100 seconds using a mixed gas of boron
trichloride and chlorine (BCl,:C1,=60 sccm:20 sccm) as etch-
ing gas, ata power of 450 W, a bias power of 100 W, a pressure
of'1.9 Pa, and a substrate temperature of 70° C. Then, second
etching was performed for approximately 15 seconds using
tetrafluoromethane (flow rate: 80 sccm) as etching gas, at a
power of 500 W, a bias power of 50 W, a pressure of 2.0 Pa,
and a substrate temperature of 70° C.

Then, a 1.5-um-thick polyimide film was formed by a
coating method and subjected to heat treatment at 300° C. in
an air atmosphere for 1 hour.

Through the above-described process, transistors of this
example were fabricated.

FIGS. 16A to 16C show evaluation results of electrical
characteristics of the fabricated transistors. The transistors
evaluated in FIGS. 16A to 16C have a channel length (L) of
0.48 um and a channel width (W) of 1 pm. FIGS. 16A to 16C
show gate voltage (V )-drain current (I )) characteristics at a
drain voltage (V) of 3V or 0.1 V and a gate voltage (V,) of
3V and also show field-effect mobility at a drain voltage (V)
of 0.1 V.

FIG. 16A shows evaluation results of electrical character-
istics of the transistors (the number of samples n was 25) of
the heat treatment condition 3 (without heat treatment), FIG.
16B shows evaluation results of electrical characteristics of
the transistors (the number of samples n was 25) of the heat
treatment condition 1 (at350° C. in an oxygen atmosphere for
1 hour), and FIG. 16C shows evaluation results of electrical
characteristics of the transistors (the number of samples n was
25) of the heat treatment condition 2 (at 400° C. in an oxygen
atmosphere for 1 hour).

FIGS. 16A to 16C demonstrate that the transistors of this
example including the comparative example have normally-
off characteristics. Further, the results show that the heat
treatment after the formation of the interlayer insulating layer
reduces variations in electrical characteristics among the
transistors.

In addition, the increase in the drain current around the
threshold voltage becomes sharp by heat treatment. The sub-
threshold swing (S value) at a drain voltage of 0.1 Vwas 164.6
(mV/dec.) in the transistors of the heat treatment condition 3
(without heat treatment), 163.4 (mV/dec.) in the transistors of
the heat treatment condition 1 (at 350° C. in an oxygen atmo-
sphere for 1 hour), and 97.6 (mV/dec.) in the transistors of the
heat treatment condition 2 (at 400° C. in an oxygen atmo-
sphere for 1 hour). This indicates that the S value can be
lowered by heat treatment after formation of the interlayer
insulating layer. Note that the S value mentioned above for
each condition is the median value of 25 transistor samples.

Further, the field-effect mobility at a drain voltage of 0.1V
was 2.2 (cm?*/Vs) in the transistors of the heat treatment
condition 3 (without heat treatment), 4.9 (cm*/Vs) in the
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transistors of the heat treatment condition 1 (at 350° C. in an
oxygen atmosphere for 1 hour), and 7.7 (cm*/Vs) in the
transistors of the heat treatment condition 2 (at 400° C. in an
oxygen atmosphere for 1 hour). This indicates that the field-
effect mobility is increased by heat treatment after formation
of the interlayer insulating layer. Note that the field-effect
mobility mentioned above for each condition is the median
value of 25 transistor samples.

The above results show that the heat treatment after forma-
tion of the interlayer insulating layer leads to a reduction of
variations and favorable initial characteristics.

Next, to investigate the channel length (L) dependence of
initial characteristics of the transistors of this example, the
threshold voltage and the S value of transistors having a
channel width (W) of 1 pm and various channel lengths (L) of
from 0.2 pm to 100 pm were measured.

The evaluation results are shown in FIGS. 17A to 17F. In
FIGS. 17A to 17C, the horizontal axis represents the channel
length (um) and the vertical axis represents the threshold
voltage (V) at a drain voltage of 3 V. FIG. 17A shows evalu-
ation results of the transistors of the heat treatment condition
3, FIG. 17B shows evaluation results of the transistors of the
heat treatment condition 1, and FIG. 17C shows evaluation
results of the transistors of the heat treatment condition 2.

In FIG.17A, the threshold voltage decreases as the channel
length becomes shorter, and the decrease is significant at a
channel length of 1 um or less. While in FIGS. 17B and 17C,
a decrease in the threshold voltage at short channel lengths is
not observed and the threshold voltage is substantially con-
stant regardless of the channel length. These results show that
ashift inthe negative direction of the threshold voltage, which
is caused when the channel length is small, is prevented by
performing heat treatment after formation of the interlayer
insulating layer.

In FIGS. 17D to 17F, the horizontal axis represents the
channel length (um) and the vertical axis represents the S
value at a drain voltage of 0.1 V. FIG. 17D shows evaluation
results of the transistors of the heat treatment condition 3,
FIG. 17E shows evaluation results of the transistors of the
heat treatment condition 1, and FIG. 17F shows evaluation
results of the transistors of the heat treatment condition 2.

In FIG. 17D, large variations in S value are also observed
between the transistors having the same channel length.
While in FIGS. 17B and 17C, both variations between the
transistors having the same channel length and variations
between the transistors having different channel lengths are
reduced. In particular, under the heat treatment condition 2
with the higher heat treatment temperature, both a reduction
in variations and a decrease in S value can be achieved.

The above results show that variations in characteristics
that are dependent on the channel length can be prevented by
the heat treatment after formation of the interlayer insulating
layer.

To investigate the dependence of initial characteristics of
the transistors of this example on the length in the channel
length direction of a region where the gate electrode layer
overlaps with the source electrode layer or the drain electrode
layer (Lov length), the shift value of the transistors having a
channel length (L) of 1.13 um, a channel width (W) of 10 pm,
and Lov lengths of from 0 pm to 1 um was measured.

Note that the shift value is defined as the value of gate
voltage at the time when drain current rises. Specifically, in a
graph showing the relation between gate voltage and drain
current, the shift value can be defined as the voltage at the
intersection of the steepest tangent of the gate voltage-drain
current curve and the line representing the drain current=the
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lowest drain current. Here, the shift value is the value at the
time when drain voltage is 3 V.

The evaluation results are shown in FIGS. 22A to 22C,
where the horizontal axis represents the Lov length (um) and
the vertical axis represents the shift value (V). FIG. 22A
shows evaluation results of the transistors of the heat treat-
ment condition 3, FIG. 22B shows evaluation results of the
transistors of the heat treatment condition 1, and FIG. 22C
shows evaluation results of the transistors of the heat treat-
ment condition 2.

In FIG. 22A, variations in shift value are also observed
between the transistors having the same Lov length. While in
FIGS. 22B and 22C, both variations between the transistors
having the same Lov length and variations between the tran-
sistors having different Lov lengths are reduced.

The above results show that variations in characteristics
that are dependent on the Lov length can be prevented by the
heat treatment after formation of the interlayer insulating
layer.

Next, to measure the reliability of the transistors fabricated
in this example, plus gate BT (+GBT: plus gate bias tempera-
ture) test and minus gate BT (-GBT: minus gate bias tem-
perature) test were performed. For these tests, the transistors
having a channel length (L) of 0.48 um and a channel width
(W) of 1 um were used.

In the plus gate BT test, the substrate temperature was first
set at 40° C. and the gate voltage (V)-drain current (I,)
characteristics were measured. Then, the substrate tempera-
ture was set at 150° C., the gate voltage (V) was setat 3.3V,
the drain voltage (V ;) was set at 0V, and the transistors were
held for 1 hour. Then, the gate voltage (V) was set at 0 V and
the substrate temperature was set at 40° C., and the gate
voltage (V)-drain current (I;) characteristics were measured.

In the minus gate BT test, the substrate temperature was
first set at 40° C. and the gate voltage (V,)-drain current (1))
characteristics were measured, and then the substrate tem-
perature was set at 150° C., the gate voltage (V,) was set at
-3.3V, thedrain voltage (V ;) was set at 0 V, and the transistors
were held for 1 hour. Then, the gate voltage (V) was setat 0
V and the substrate temperature was set at 40° C., and the gate
voltage (V)-drain current (I ;) characteristics were measured.

FIGS. 18A to 18C show the results of the plus gate BT test.
FIG. 18A shows evaluation results of the transistors of the
heat treatment condition 3, FIG. 18B shows evaluation results
of the transistors of the heat treatment condition 1, and FIG.
18C shows evaluation results of the transistors of the heat
treatment condition 2. Note that an arrow in each of FIGS.
18A to 18C indicates the shift (variation) of the gate voltage
(V)-drain current (I;) curve caused by the test.

Theresults of FIGS. 18A to 18C indicate that the difference
of'the heat treatment condition does not cause a big difference
between the results of the plus gate BT test and that the shift
(variation) in threshold voltage is small in the samples of each
heat treatment condition.

Further, FIGS. 18D to 18F show the results of the minus
gate BT test. FIG. 18D shows evaluation results of the tran-
sistors of the heat treatment condition 3, FIG. 18E shows
evaluation results of the transistors of the heat treatment con-
dition 1, and FIG. 18F shows evaluation results of the tran-
sistors of the heat treatment condition 2. Note that an arrow in
each of FIGS. 18D to 18F indicates the shift (variation) of the
gate voltage (V,)-drain current (I ;) curve caused by the test.

As shown in FIG. 18D, threshold voltage of the samples
that were not subjected to heat treatment after the formation
of the interlayer insulating layer was shifted (varied) by the
minus gate BT test. The amount of shift (AVth) was 0.77 (V).
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Further, as shown in FIGS. 18E and 18F, the shift (variation)
in threshold voltage was reduced in the samples that were
subjected to heat treatment after the formation of the inter-
layer insulating layer. Under the heat treatment condition 1,
the amount of shift (AVth) was reduced to 0.20 (V). Under the
heat treatment condition 2 with the higher heat treatment
temperature, the amount of shift (AVth) was only 0.03 (V).
Note that the value of AVth mentioned above for each con-
dition is the median value of 25 transistor samples.

The above results show that the transistor of one embodi-
ment of the present invention can have a reduced variation in
electrical characteristics, favorable initial characteristics and
reliability, by being subjected to heat treatment after forma-
tion of the interlayer insulating layer. Further, using high
temperature (in this example, 400° C.) for the heat treatment
after the formation of the interlayer insulating layer, the tran-
sistor can have higher characteristics.

Example 2

In Example 2, transistors according to one embodiment of
the present invention were fabricated, and initial characteris-
tics and the long-term reliability of the transistors were evalu-
ated. The evaluation results will be described.

First, the fabrication method of the transistors used in this
example will be described below. In this example, transistors
having a structure similar to that of the transistor 200 illus-
trated in FIGS. 1A to 1C were formed.

In this example, a silicon wafer was used as the substrate.
First of all, a 100-nm-thick thermal oxide film was formed by
performing heat treatment on the silicon wafer in an oxidizing
atmosphere to which hydrogen chloride was added. The heat
treatment temperature was set at 950° C. Then, as a base
insulating layer, a 300-nm-thick silicon oxynitride film was
formed over the thermal oxide film by a CVD method.

Further, a surface of the silicon oxynitride film was pol-
ished to be flat by chemical mechanical polishing (CMP)
treatment. The CMP treatment conditions were set as follows:
apolyurethane-based polishing cloth was used as a polishing
pad for CMP; a 5-fold dilution of NP8020 (produced by Nitta
Haas Incorporated) was used as slurry; the slurry temperature
was room temperature; the polishing pressure was 0.01 MPa;
the number of spindle rotations on the side where the sub-
strate was fixed was 60 rpm; and the number of rotations of a
table where the polishing cloth was fixed was 56 rpm. The
CMP treatment time was 2 minutes. The polishing amount of
the silicon oxynitride film was approximately 12 nm.

Next, heat treatment was performed at 450° C. in areduced
(vacuum) atmosphere for 1 hour.

After the heat treatment, oxygen ions were implanted to the
base insulating layer by an ion implantation method. The
oxygen ion implantation conditions were set as follows:
acceleration voltage, 60 kV; dosage, 2.0x10'¢ ions/cm?; tilt
angle, 7°; and twist angle, 72°.

Next, as the first oxide film, an In—Ga—Z7n oxide film was
formed over the base insulating layer by a sputtering method
using an oxide target with an atomic ratio of In:Ga:Zn=1:3:2.
The deposition conditions were set as follows: an atmosphere
of'argon and oxygen (argon:oxygen=30 sccm:15 sccm) was
used; the pressure was 0.4 Pa; the power was 0.5 kW (DC);
the substrate temperature was 200° C.; and the distance
between the substrate and the target was 60 mm. In this
example, five thickness conditions of the first oxide film were
prepared: 20 nm, 40 nm, 50 nm, 60 nm, and 80 nm.

After the first oxide film was formed, an oxide semicon-
ductor film was successively formed without exposure to the
air. As the oxide semiconductor film, a 15-nm-thick
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In—Ga—Z7n oxide film was deposited by a sputtering method
using an oxide target with In:Ga:Zn=1:1:1 in atomic ratio.
The deposition conditions were set as follows: an atmosphere
of'argon and oxygen (argon:oxygen=30 sccm: 15 sccm) was
used; the pressure was 0.4 Pa; the power was 0.5 kW (DC);
the substrate temperature was 300° C.; and the distance
between the substrate and the target was 60 mm.

Next, heat treatment was performed at 450° C. for 1 hour in
a nitrogen atmosphere, and then heat treatment was per-
formed at 450° C. for 1 hour in an oxygen atmosphere in the
same treatment chamber.

The first oxide film and the oxide semiconductor film
which have been subjected to the heat treatment were pro-
cessed using a mask that was formed by photolithography, so
that an island-shaped first oxide layer and an island-shaped
oxide semiconductor layer were formed. For this processing,
an inductively coupled plasma (ICP) etching method was
employed.

The etching conditions for the samples having the 20-nm-
thick and 40-nm-thick first oxide films were set as follows: a
mixed gas of boron trichloride and chlorine (BCl;:C1,=60
sccm:20 scem) was used as etching gas; the power was 450
W the bias power was 100 W; the pressure was 1.9 Pa; and the
substrate temperature was 70° C. Further, the etching condi-
tions for the samples having the 50-nm-thick, 60-nm-thick,
and 80-nm-thick first oxide films were set as follows: boron
trichloride (BCl;; 80 sccm) was used as etching gas; the
power was 450 W; the bias power was 100 W; the pressure
was 1.0 Pa; and the substrate temperature was 70° C.

As a conductive film for forming a source electrode layer
and a drain electrode layer, a 100-nm-thick tungsten film was
formed over the island-shaped oxide semiconductor layer by
a sputtering method. The deposition conditions of the tung-
sten film were set as follows: an argon atmosphere (flow rate:
80 sccm) was used; the pressure was 0.8 Pa; the power was 1
kW (DC); the substrate temperature was 200° C.; and the
distance between the substrate and the target was 60 mm.

The tungsten film was selectively etched to form the source
electrode layer and the drain electrode layer through a first
etching step, a recession step of a resist mask by ashing, and
a second etching step in succession, so that the tungsten film
had a step-like end portion.

The conditions of the first etching step of the tungsten film
were set as follows: a mixed gas of chlorine, tetrafluo-
romethane, and oxygen (Cl,:CF,:0,=45 scem:55 scem:55
sccm) was used as etching gas; the power was 3000 W; the
bias power was 110 W; the pressure was 0.67 Pa; and the
substrate temperature was 40° C. Next, the resist mask was
made to recede by etching under the following conditions: the
flow rate of oxygen as an etching gas was 100 sccm, the power
was 2000 W, the bias power was 0 W, the pressure was 3.00
Pa, and the substrate temperature was 40° C. Then, using this
receding resist mask, the tungsten film was subjected to the
second etching step under the following conditions: a mixed
gas of chlorine, tetrafluoromethane, and oxygen (Cl,:CF,:
0,=45 sccm:55 sccm:55 scem) was used as etching gas; the
power was 3000 W; the bias power was 110 W; the pressure
was 0.67 Pa; and the substrate temperature was 40° C. In this
manner, the source electrode layer and the drain electrode
layer were formed.

As a second oxide film, a 5-nm-thick In—Ga—Zn oxide
film was formed over the source electrode layer and the drain
electrode layer by a sputtering method using an oxide target
with In:Ga:Zn=1:3:2 in atomic ratio. The deposition condi-
tions were set as follows: an atmosphere of argon and oxygen
(argon:oxygen=30 sccm: 15 sccm) was used; the pressure was
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0.4 Pa; the power was 0.5 kW (DC); the substrate temperature
was 200° C.; and the distance between the substrate and the
target was 60 mm.

Next, as a gate insulating film, a 20-nm-thick silicon oxyni-
tride film was formed over the second oxide film by a CVD
method at a film deposition temperature of 350° C. and a
pressure of 200 Pa.

A 30-nm-thick tantalum nitride film and a 135-nm-thick
tungsten film were stacked over the gate insulating film by a
sputtering method, and then etched to form a gate electrode
layer. The deposition conditions of the tantalum nitride film
were set as follows: an atmosphere of argon and nitrogen
(Ar:N,=50 sccm: 10 sccm) was used; the pressure was 0.6 Pa;
the power was 1 kW (DC); and the distance between the
substrate and the target was 60 mm. The deposition condi-
tions of the tungsten film were set as follows: an argon atmo-
sphere (flow rate: 100 sccm) was used; the pressure was 2.0
Pa; the power was 4 kW (DC); the distance between the
substrate and the target was 60 mm; and the flow rate of
heated argon gas that was for heating the substrate was 10
sccm.

The above etching of the tantalum nitride film and the
tungsten film was performed as follows. The tungsten film
was etched under first conditions where a mixed gas of chlo-
rine, tetrafluoromethane, and oxygen (Cl,:CF,:0,=45 sccm:
55 scem:55 scem) was used as etching gas; the power was 3
kW; the bias power was 110 W; the pressure was 0.67 Pa; and
the substrate temperature was 40° C. Then, the tantalum
nitride film was etched under second conditions where chlo-
rine gas (C1,=100 sccm) was used as etching gas; the power
was 2 kW; the bias power was 50 W; the pressure was 0.67 Pa;
and the substrate temperature was 40° C.

After removing the resist mask used for the processing of
the gate electrode layer, the gate insulating film and the sec-
ond oxide film were etched using the gate electrode layer as a
mask; thus, the gate insulating layer and the second oxide
layer were formed. The etching conditions were set as fol-
lows: boron trichloride (flow rate: 80 sccm) was used as
etching gas; the power was 450 W; the bias power was 100 W;
the pressure was 1.0 Pa; and the substrate temperature was
70° C.

Next, as a protective insulating layer, a 70-nm-thick alu-
minum oxide film was formed over the gate electrode layer so
asto cover side surfaces of the second oxide layer and the gate
insulating layer. The aluminum oxide film was deposited by a
sputtering method using an aluminum oxide target, and the
deposition conditions were set as follows: an atmosphere of
argon and oxygen (argon:oxygen=25 sccm:25 sccm) was
used; the pressure was 0.4 Pa; the power was 2.5 kW (RF); the
substrate temperature was 250° C.; and the distance between
the substrate and the target was 60 mm.

As an inorganic insulating layer, a 300-nm-thick silicon
oxynitride film was deposited over the protective insulating
layer by a CVD method.

Then, the substrate that was provided with the protective
insulating layer and the insulating layer over the protective
insulating layer (this stacked structure is hereinafter also
referred to as an interlayer insulating layer) was subjected to
heat treatment at 400° C. in an oxygen atmosphere for 1 hour.

After the heat treatment, contact holes reaching the source
electrode layer and the drain electrode layer were formed in
the insulating layer and the protective insulating layer. The
contact holes were formed as follows. First, the silicon oxyni-
tride film was selectively removed in such a manner that
etching was performed for approximately 1 minute using a
mixed gas of triffuoromethane and helium (CHF;:He=7.5
sccm:142.5 scem) as etching gas, at a power of 475 W, a bias



US 9,190,527 B2

49

power of 300 W, a pressure of 5.5 Pa, and a substrate tem-
perature of 70° C.; and then, the bias power was changed to
150 W and etching was performed for approximately 40
seconds. Then, the aluminum oxide film was selectively
etched using boron trichloride (BCl;; 80 sccm) as etching gas,
at a power of 450 W, a bias power of 100 W, a pressure of 1.9
Pa, and a substrate temperature of 70° C.

In the contact holes and over the insulating layer, a con-
ductive film for forming wiring layers was formed by a sput-
tering method. The conductive film had a structure in which a
50-nm-thick titanium film, a 200-nm-thick aluminum film,
and a 50-nm-thick titanium film were stacked.

The deposition conditions of the titanium film were set as
follows: an argon atmosphere (flow rate: 20 sccm) was used;
the pressure was 0.1 Pa; the power was 12 kW (DC), the
substrate temperature was room temperature; and the dis-
tance between the substrate and the target was 400 mm.
Further, the deposition conditions of the aluminum film were
set as follows: an argon atmosphere (flow rate: 50 sccm) was
used; the pressure was 0.4 Pa; the power was 1 kW (DC); the
substrate temperature was room temperature; and the dis-
tance between the substrate and the target was 60 mm.

Then, the conductive film having the stacked structure was
selectively etched to form the wiring layers that are electri-
cally connected to the source electrode layer or the drain
electrode layer. The processing to the wiring layers was per-
formed as follows. First, first etching was performed for
approximately 100 seconds using a mixed gas of boron
trichloride and chlorine (BCl,:C1,=60 sccm:20 sccm) as etch-
ing gas, ata power of 450 W, a bias power of 100 W, a pressure
of'1.9 Pa, and a substrate temperature of 70° C. Then, second
etching was performed for approximately 15 seconds using
tetrafluoromethane (flow rate: 80 sccm) as etching gas, at a
power of 500 W, a bias power of 50 W, a pressure of 2.0 Pa,
and a substrate temperature of 70° C.

Then, a 1.5-um-thick polyimide film was formed by a
coating method and subjected to heat treatment at 300° C. in
an air atmosphere for 1 hour.

Through the above-described process, transistors of this
example were fabricated.

FIGS. 19A to 19E show evaluation results of electrical
characteristics of the fabricated transistors. FIGS. 19A to 19C
show gate voltage (V )-drain current (I)) characteristics at a
drain voltage (V) of 3V or 0.1 V and a gate voltage (V,) of
3V and also show field-effect mobility at a drain voltage (V)
of 0.1 V.

The transistors evaluated in FIGS. 19A to 19E have a
channel length (L) 0f0.47 pm and a channel width (W) of 0.8
um. Here, the length in the channel length direction of a
region where the oxide semiconductor layer overlaps with the
source electrode layer or the drain electrode layer (Lov
length) was set at 0.2 um in the samples having the 20-nm-
thick and 40-nm-thick first oxide layers. Further, the Lov
length in the samples having the 50-nm-thick, 60-nm-thick,
and 80-nm-thick first oxide layers was set at 1.0 um.

FIG. 19A shows evaluation results of electrical character-
istics of the transistors in which the thickness of the first oxide
layer (also referred to as S1) is 20 nm. FIG. 19B shows
evaluation results of electrical characteristics of the transis-
tors in which the thickness of the first oxide layer is 40 nm.
FIG. 19C shows evaluation results of electrical characteristics
of'the transistors in which the thickness of the first oxide layer
is 50 nm. FIG. 19D shows evaluation results of electrical
characteristics of the transistors in which the thickness of the
first oxide layer is 60 nm. FIG. 19E shows evaluation results
of electrical characteristics of the transistors in which the
thickness of the first oxide layer is 80 nm.
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According to FIGS. 19A to 19E, the threshold voltage at a
drain voltage of 3 V of the transistors of this example is 0.86
V when the thickness of the first oxide layer is 20 nm, 0.80 V
when the thickness of the first oxide layer is 40 nm, 0.91 V
when the thickness of the first oxide layer is 50 nm, 0.94 V
when the thickness of the first oxide layer is 60 nm, and 0.91
V when the thickness of the first oxide layer is 80 nm. Note
that the threshold voltage mentioned above for each condition
is the median value of 25 transistor samples.

The S value at a drain voltage of 0.1 V in the transistors of
this example is 83.4 (mV/dec.) when the thickness of the first
oxide layer is 20 nm, 89.6 (mV/dec.) when the thickness of
the first oxide layer is 40 nm, 92.1 (mV/dec.) when the thick-
ness of the first oxide layeris 50 nm, 93.2 (mV/dec.) when the
thickness of'the first oxide layer is 60 nm, and 92.0 (mV/dec.)
when the thickness of the first oxide layer is 80 nm. Note that
the S value mentioned above for each condition is the median
value of 25 transistor samples.

Furthermore, the field-effect mobility at a drain voltage of
0.1 V in the transistors of this example is 9.1 (cm?*/Vs) when
the thickness of the first oxide layer is 20 nm, 9.7 (cm?/Vs)
when the thickness of the first oxide layer is 40 nm, 8.3
(cm?/Vs) when the thickness of the first oxide layer is 50 nm,
6.9 (cm*/V's) when the thickness of the first oxide layer is 60
nm, and 6.6 (cm*Vs) when the thickness of the first oxide
layer is 80 nm. Note that the field-effect mobility mentioned
above for each condition is the median value of 25 transistor
samples.

The above results show that the transistors of this example
can have favorable initial characteristics. Further, the transis-
tors of this example have normally-off characteristics inde-
pendent of the thickness of the first oxide layer.

Next, to measure the reliability of the transistors fabricated
in this example, plus gate BT test and minus gate BT test were
performed. For these tests, the transistors having a channel
length (L) 0o 0.82 um (S1=20 nm, 40 nm) or 0.81 pm (S1=50
nm, 60 nm, 80 nm) and a channel width (W) of 10 um were
used.

In the plus gate BT test, the substrate temperature was first
set at 40° C. and the gate voltage (V,)-drain current (I,)
characteristics were measured. Then, the substrate tempera-
ture was set at 125° C., the gate voltage (V) was setat 3.3V,
the drain voltage (V ;) was set at 0 V, and the transistors were
held. Then, the gate voltage (V,) was set at 0 V and the
substrate temperature was set at 40° C., and the gate voltage
(Vg)-drain current (I;) characteristics were measured. This
measurement was performed with various holding time con-
ditions: every hour from 1 hour to 9 hours, and 25 hours.

In the minus gate BT test, the substrate temperature was
first set at 40° C. and the gate voltage (V,)-drain current (1))
characteristics were measured. Then the substrate tempera-
ture was set at 125° C., the gate voltage (V) was set at 3.3
V, the drain voltage (V) was set at 0 V, and the transistors
were held. Then, the gate voltage (V) was set at 0V and the
substrate temperature was set at 40° C., and the gate voltage
(V,)-drain current (I,) characteristics were measured. This
measurement was performed with various holding time con-
ditions: every hour from 1 hour to 9 hours, and 25 hours.

FIGS. 20A and 20B show the results of the plus gate BT
test. FIG. 20A shows the evaluation results of variations in
threshold voltage by the plus gate BT test, where the horizon-
tal axis represents the holding time (h) and the vertical axis
represents a variation in threshold voltage (V). Further, FIG.
20B shows the evaluation results of variations in drain current
by the plus gate BT test, where the horizontal axis represents
the holding time (h) and the vertical axis represents a varia-
tion in drain current (%).
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The results of FIGS. 20A and 20B indicate that the varia-
tion in threshold voltage and the variation in drain current
both become smaller as the first oxide layer has a larger
thickness. A possible reason for this result is that a larger
thickness of the first oxide layer can prevent more trap states
that may be generated at the interface between the base insu-
lating layer and the first oxide layer from influencing the
channel.

In the transistors of this example, since the base insulating
layer is covered with the second oxide film at the time of
forming the gate insulating layer, release of oxygen from the
base insulating layer can be prevented. In addition, since the
aluminum oxide film with a low permeability to oxygen is
provided as the protective insulating layer over the gate elec-
trode layer, release of oxygen from the base insulating layer at
the time of forming the protective insulating layer can be
prevented. Thus, release of oxygen from the base insulating
layer is prevented in the manufacturing process of the tran-
sistors, and this helps effectively supply oxygen from the base
insulating layer to the oxide semiconductor layer through the
first oxide layer even when the thickness of the first oxide
layer is 80 nm.

Further, FIGS. 21A and 21B show the results of the minus
gate BT test. FIG. 21A shows the evaluation results of varia-
tions in threshold voltage by the minus gate BT test, where the
horizontal axis represents the holding time (h) and the vertical
axis represents a variation in threshold voltage (V). Further,
FIG. 21B shows the evaluation results of variations in drain
current by the minus gate BT test, where the horizontal axis
represents the holding time (h) and the vertical axis represents
a variation in drain current (%).

The results of FIGS. 21A and 21B indicate that the varia-
tions in both the threshold voltage and the drain current are
tiny under every condition independently of the thickness of
the first oxide layer.

The above-described results show that the transistors of
this example can have favorable initial characteristics and
reliability. In particular, the transistors of this example have
favorable long-term reliability in both the plus gate BT test
and minus gate BT test when the first oxide layer has a large
thickness (e.g., 60 nm to 80 nm inclusive).

This application is based on Japanese Patent Application
serial no. 2013-025140 filed with Japan Patent Office on Feb.
13, 2013 and Japanese Patent Application serial no. 2013-
038705 filed with Japan Patent Office on Feb. 28, 2013, the
entire contents of which are hereby incorporated by refer-
ence.

What is claimed is:

1. A semiconductor device comprising:

a first oxide layer;

an oxide semiconductor layer over and in contact with the
first oxide layer;

a source electrode layer and a drain electrode layer electri-
cally connected to the oxide semiconductor layer;

asecond oxide layer over the source electrode layer and the
drain electrode layer and in contact with the oxide semi-
conductor layer;

a gate insulating layer over the second oxide layer;

a gate electrode layer over the gate insulating layer; and

an insulating layer over the gate electrode layer,

wherein the insulating layer is in contact with a side surface
of the second oxide layer and a side surface of the gate
insulating layer,

wherein the oxide semiconductor layer includes one or
more metal elements,
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wherein the first oxide layer and the second oxide layer
include at least one of the metal elements included in the
oxide semiconductor layer, and

wherein the insulating layer has lower permeability to oxy-
gen than the second oxide layer and the gate insulating
layer.

2. The semiconductor device according to claim 1,

wherein in a cross-section of the semiconductor device, an
upper edge of the second oxide layer coincides with a
lower edge of the gate insulating layer, and an upper
edge of the gate insulating layer coincides with a lower
edge of the gate electrode layer.

3. The semiconductor device according to claim 1,

wherein the first oxide layer, the second oxide layer, and
the oxide semiconductor layer include at least indium,
and

wherein an atomic ratio of the indium in the oxide semi-
conductor layer is higher than an atomic ratio of the
indium in the first oxide layer and an atomic ratio of the
indium in the second oxide layer.

4. The semiconductor device according to claim 3,

wherein the first oxide layer, the second oxide layer, and
the oxide semiconductor layer include indium, gallium
and zinc.

5. The semiconductor device according to claim 1,

wherein the insulating layer comprises one of an aluminum
oxide layer, a silicon nitride layer and a silicon nitride
oxide layer.

6. The semiconductor device according to claim 1,

wherein a concentration of hydrogen in the insulating layer
is lower than 5x10'® atoms-cm™.

7. The semiconductor device according to claim 1,

wherein the oxide semiconductor layer includes crystals
with c-axes aligned in a direction substantially perpen-
dicular to a surface of the oxide semiconductor layer.

8. A semiconductor device comprising:

a first insulating layer containing oxygen;

a first oxide layer over and in contact with the first insulat-
ing layer;

an oxide semiconductor layer over and in contact with the
first oxide layer;

a source electrode layer and a drain electrode layer electri-
cally connected to the oxide semiconductor layer;

a second oxide layer over the source electrode layer and the
drain electrode layer and in contact with the oxide semi-
conductor layer;

a gate insulating layer over the second oxide layer;

a gate electrode layer over the gate insulating layer; and

a second insulating layer over the gate electrode layer,

wherein the second insulating layer is in contact with a side
surface of the second oxide layer and a side surface of
the gate insulating layer,

wherein the oxide semiconductor layer includes one or
more metal elements,

wherein the first oxide layer and the second oxide layer
include at least one of the metal elements included in the
oxide semiconductor layer, and

wherein the second insulating layer has lower permeability
to oxygen than the second oxide layer and the gate
insulating layer.

9. The semiconductor device according to claim 8,

wherein the second insulating layer is in contact with the
first insulating layer.

10. The semiconductor device according to claim 8,

wherein in a cross-section of the semiconductor device, an
upper edge of the second oxide layer coincides with a
lower edge of the gate insulating layer, and an upper
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edge of the gate insulating layer coincides with a lower
edge of the gate electrode layer.

11. The semiconductor device according to claim 8,

wherein the first oxide layer, the second oxide layer, and
the oxide semiconductor layer include at least indium,
and

wherein an atomic ratio of the indium in the oxide semi-
conductor layer is higher than an atomic ratio of the
indium in the first oxide layer and an atomic ratio of the
indium in the second oxide layer.

12. The semiconductor device according to claim 11,

wherein the first oxide layer, the second oxide layer, and
the oxide semiconductor layer include indium, gallium
and zinc.

13. The semiconductor device according to claim 8,

wherein the second insulating layer comprises one of an
aluminum oxide layer, a silicon nitride layer and a sili-
con nitride oxide layer.

14. The semiconductor device according to claim 8,

wherein a concentration of hydrogen in the second insulat-
ing layer is lower than 5x10'° atoms-cm™>.

15. The semiconductor device according to claim 8,

wherein the oxide semiconductor layer includes crystals
with c-axes aligned in a direction substantially perpen-
dicular to a surface of the oxide semiconductor layer.
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